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 Abstract 
The present work mainly focuses on improving the performance of OPVCs by tailoring 
the donor-acceptor interface geometry and by tuning the electrical properties of interfaces 
with p-type molecular doping.  
Crystalline and uniform nanocolumns of pentacene (PEN) and diindenoperylene (DIP) 
were fabricated by glancing angle deposition (GLAD), forming an interdigitated 
donor/acceptor heterojunction with [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) and/or 
fullerene as the electron acceptor. The short circuit current of nanocolumn-based OPVCs 
increased significantly compared to planar heterojunction OPVCs made from the same 
materials. The performance improvement of OPVCs had been verified to be contributed 
decisively by the donor-acceptor interface area enlargement because of reduced impact of 
short exciton diffusion length in organic materials. 
P-type molecular doping as applied in polyfuran (PF) based OPVCs was investigated by 
using tetrafluorotetracyanoquinodimethane (F4-TCNQ) as the dopant for various doping 
ratios. Ultraviolet photoelectron spectroscopy (UPS) was applied to analyze the energy level 
shift with increasing doping ratio leading to the enlargement of the open circuit voltage in 
OPVCs, from 0.2 V to close to 0.4 V. Combining this observation with the results of doped 
polymer films, their morphology and absorption behavior, a net dipole pointing towards the 
donor material at the donor-acceptor interface of OPVCs is proposed. Overall, this work 
demonstrates the potential of both the GLAD technique and molecular electrical doping for 
improving the performance of OPVCs. 
 
 
Keywords: organic photovoltaic cells, glancing angle deposition, nanocolumn structure, 
donor/acceptor interface, molecular doping  
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 Kurzfassung 
Die vorliegende Arbeit beschäftigt sich mit der Leistungssteigerung organischer Solarzellen 
durch Änderung der Geometrie an der Donor-Akzeptor Grenzfläche und dem Einstellen der 
elektronischen Eigenschaften von Grenzflächen durch molekulares p-Dotieren. 
Kristalline und gleichmäßige Nanosäulen aus dem organischen Halbleiter Pentazen wurden 
durch glancing angle deposition (GLAD) hergestellt, die einen ineinandergreifenden 
Heteroübergang zu Methanofulleren [6,6]-Phenyl-C61-Butansäure Methylester (PCBM) als 
Akzeptor ermöglichten. Die Kurzschlussspannung der nanosäulenbasierten Solarzellen war 
signifikant erhöht im Vergleich zu planaren Heteroübergängen zwischen denselben Materialien. 
Die Leistungssteigerung der Solarzellen konnte maßgebend der vergrößerten Grenzfläche 
zugewiesen werden, wegen des verringerten Einflusses der kurzen Exciton Diffusionslänge. 
Molekulares p-Dotieren mit Tetrafluorotetracyanoquinodimethan (F4TCNQ) als Dotand in 
polyfuranbasierten Solarzellen wurde für verschiede Dotierkonzentrationen untersucht. 
Ultraviolettphotoelektronenspektroskopie wurde verwendet, um die Veränderungen der 
Energieniveaus mit zunehmender Dotierkonzentration zu analysieren, welche zu einer 
Vergrößerung der 0,2 V Kurzschlussspannung auf bis zu 0,4 V führte. Nach Kombination dieser 
Beobachtung mit Ergebnissen an dotierten Polymerfilmen, insbesondere bezüglich deren 
Morphologie und Absorptionsverhalten, wurde vorgeschlagen, dass ein resultierender Dipol an der 
Donor-Akzeptorgrenzfläche präsent ist. Zusammenfassend zeigt die vorliegende Arbeit das 
Potential sowohl der GLAD Technik als auch des molekularen, elektrischen Dotierens für die 
Leistungsverbesserung organischer Solarzellen 
 
 
Stichwörter: organische Solarzellen, glancing angle deposition, Nanosäulen 
Donor-Akzeptorgrenzfläche, molekulares Dotieren 
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Chapter 1 
Introduction 
The industrial revolution brought human beings advanced technologies and new life 
styles, but at the same time, it also led to high-energy consumption. Every day people are 
becoming more aware of the crucial requirement for sustainable energy production in order to 
maintain daily activities. Since the world became fully aware of the shortage of natural fossil 
fuels, the development of global warming and the associated pollution of the environment, 
renewable and low pollution substitutes have been actively sought. Solar energy is one of the 
most abundant renewable energy resources. With an estimated 885 million TWh reaching the 
Earth’s surface every year, this form of energy would go a long way towards satisfying the 
world’s enormous energy needs. Furthermore, the conversion of solar energy to electricity is 
carbon-free and harmless to the environment. Hence, solar energy is considered as a favorite 
candidate for replacing traditional fossil fuel energy production. In order to utilize solar 
energy efficiently, improvement of power conversion efficiency (PCE) in photovoltaic (PV) 
cells is necessary. Nowadays, great efforts have been made to do so for organic and inorganic 
PV cells, from lab research to industrial manufacturing. The laboratory records of solar cell 
PCE are 44.7% and 12% for inorganic and organic PV cells respectively.[Green, 2014] 
However, the price of PV generated electricity is still not low enough to replace other energy 
resources. Therefore, lower price for high conversion efficiency, long lifetime and stable PV 
cells will be the research focus right now and in future. 
Organic photovoltaic cells have a strong potential to complement the usage of solar 
energy inorganic PV cells, owing to their advantages such as the possible fabrication on 
flexible substrates and large-scale surfaces. Furthermore, they usually possess high absorption 
and the huge variety of tailoring materials with optimized optical and electrical properties 
could cover the entire visible light range and even the infrared region. Printing techniques 
have facilitated low-cost manufactories. Besides, the research of OPVCs is also inspired by 
the development of organic light emitting diodes that are used in mobile phone displays.  
The first generation of OPVCs comprised of a single organic semiconductor layer with 
two metal electrodes referred to as a sandwich structure. The PCE of these devices was less 
than 1% as a result of the low dielectric constant of organic semiconductors.[Ghosh, 1973, 
Tang, 1975] In 1979, C.W. Tang presented the concept of the planar heterojunction OPVCs 
(Fig.1.1a) employing copper phthalocyanine as an absorber and perylene carboxylic 
derivative to assist the excitons separation.[Tang, 1986, Tang, 1979] Soon the PCE of 
heterojunction OPVCs reached 2% with different organic semiconductors. Later in 1992, bulk 
heterojunction OPVCs (Fig.1.1b) made from solution processing were reported by Sariciftci 
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et al.[Sariciftci, 1992] The principle involved the mixing of the donor and acceptor materials 
in solution, making a donor-acceptor blend structure that could solve the problem of short 
exciton lifetime. Nowadays, PCE of bulk heterojunction OPVCs can exceed 10%.[You, 2013a, 
You, 2013b, Green, 2013] The current record in PCE is 12% as Heliatek reported in 2012. 
However, unlike for inorganic PV cells, there are still many unsolved problems of OPVCs, 
such as issues with doping mechanisms in organic semiconductors. Therefore, further 
research may lead to further improvements in the PCE of OPVCs. 
Energy conversion in OPVCs comprises of four processes: (I) the generation of excitons 
(electron-hole pairs) by light absorption (exciton generation rate:	ߟ୅), (II) excitons diffusion 
to donor-acceptor interface, (III) dissociation at the donor-acceptor interface (exciton 
dissociation efficiency:	ߟ୉ୈ) and (IV) dissociated charges transported to respective electrodes 
and collected as output photocurrent (charge transfer efficiency:	ߟେ୘ and charge collection 
efficiency:	ߟେେ). The internal quantum efficiency 	ߟ୍୕୉ can be described by the expression: 
ߟ୍୕୉ ൌ 	ߟ୅ ∙ ߟ୉ୈ ∙ ߟେ୘ ∙ ߟେେ                     (1.1) 
 
Fig.1.1 Schematic representation of OPVCs with bilayer heterojunction (a), bulk heterojunction (b) and 
vertically aligned nanostructured heterojunction devices (c) and their donor-acceptor interfaces 
configuration respectively including exciton creation and dissociation processing. Plus (+) denotes 
positive charge; minus (-) denotes negative charge; dot-line circled plus and minus denotes 
electron-hole pairs. A denotes electron acceptor; D denotes electron donor; yellow dash-line arrows 
denote the charges transport pass way. 
 
The external quantum efficiency ߟ୉୕୉ is given as   
	ߟ୉୕୉ ൌ ሺ1 െ Rሻߟ୍୕୉                        (1.2) 
where R is the reflectivity of the substrate-air interface. 
                                                                                                                                                Chapter 1 Introduction 
8 
 
In principle, each of these efficiencies suggests an individual route for device 
optimization. However, the improvement of either efficiency may lead to a decrease in the 
other. Indeed, the most critical two steps for the energy conversion of OPVCs are light 
absorption and exciton dissociation. Considering the numerous species of synthesized organic 
materials it is not difficult to improve the light absorption efficiency of OPVCs by exploring 
new organic materials with large absorption co-efficiency and small band gap. The exciton 
dissociation in fact includes two steps: exciton diffusion (ܮ஽) and dissociation, and ߟா஽	can 
be limited in both steps. In addition, there is an inherent tradeoff between the light absorption 
(thickness dependent) and exciton diffusion efficiency. In order to solve the conflict, besides 
utilizing new organic materials with large exciton diffusion length (for instance highly 
ordered crystalline structure), an alternative option is employing more sophisticated device 
architectures such as metal-organic-metal sandwich structures, bilayer heterojunction 
structures and bulk heterojunction structures.[Tang, 1975, Tang, 1986, Yu, 1995] With these 
state of the art structures, outstanding improvement of PCE has been achieved. The 
introduction of the heterojunction concept in OPVCs was inspired by inorganic solar cells, 
creating an electron-donor/electron-acceptor interface in the vicinity of which exciton 
dissociation has been verified. In the manner of a PN junction, recombination of dissociated 
charges was hindered and consequently, the exciton dissociation efficiency was increased. 
However, for many organic semiconductors, their exciton diffusion length was shorter than 
the active absorber thickness. A large fraction of photogenerated excitons recombined before 
they were transported to the donor/acceptor interface. As a result, the exciton diffusion 
efficiency was limited. In this stage, the trade-off between absorption and exciton dissociation 
efficiency became the obstacle towards improving the PCE of OPVCs. Later, the 
breakthrough of PCE was implemented by employing bulk heterojunction as shown in 
Fig1.1b, in which the interpenetrating network of donor/acceptor structure was achieved 
through the phase separation of the mixture of donor and acceptor polymers. Two main 
advantages of this structure are i) enlarged the donor/acceptor interface area and ii) reducing 
the limitation of short exciton diffusion length when increasing absorber thickness to absorb 
more light. Furthermore, the bulk heterojunction could also be fabricated with vacuum 
deposition (co-deposition) with conjugated molecules, which has been demonstrated as a 
successful approach for improving the PCE of OPVCs.[Wagner, 2010, Gruber, 2013, Xiao, 
2013] Nevertheless, there are still unavoidable problems impeding further performance 
improvement like low charge-carrier mobility, exciton quenching and morphological issues 
such as dead-ends in the conduction pathway. Recently, an idealized bulk heterojunction 
comprising crystalline, vertically aligned ordered nanostructure was applied to overcome 
those limitations. As shown in Fig.1.1c, well controlled nanocolumns could also create the 
interdigitated and laterally structured configuration of separate donor/acceptor phases, and the 
contorted and resistive conducting pathway occurring in bulk heterojunction architecture 
could be eliminated successfully.[Lunt, 2011, Yu, 2011] In addition, the morphological 
characteristics of donor and acceptor are independent, meaning there is negligible concern 
with the phase separation processing and it is possible to quantitatively evaluate the influence 
of interface area. 
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The leitmotif of this work is the optimization of the bilayer heterojunction device 
architecture, more specifically the donor-acceptor interface of OPVCs in order to improve the 
PCE using two different approaches. The first approach involves increasing the short circuit 
current (Jsc) via maximizing the active donor-acceptor interface area by growing a columnar 
structure using glancing angle deposition (GLAD) in a vacuum. By using appropriate 
deposition parameters pentacene (PEN) and diindenoperylene (DIP) grow in nanocolumn 
structures on ITO or PEDOT:PSS coated ITO substrates. The interdigitated donor-acceptor 
structure of OPVCs is realized by spin coating PCBM on top of PEN columns or depositing 
C60 on top of DIP columns structure respectively. The second approach requires the 
enlargement of the open circuit voltage (Voc) by tuning the energy level alignment through 
molecular doping. The doping process is achieved by mixing the strong dopant small 
molecule F4-TCNQ with polyfuran in THF solvent with different monomer ratios. The 
OPVCs based on doped polyfuran films are realized by depositing C60 on top. Taking into 
consideration the results of morphology, electrical and optical properties of the doped 
polyfuran layer, the increase of Voc in these OPVCs is proposed that originates from a net 
interface dipole raising the photovoltaic gap which directly impacts the value of Voc. 
The organization of this work is as follows. Chapter 2 starts with an overview of the 
fundamental properties of conjugated organic semiconductors and aspects of the basic 
principles of charge carrier transport, doping and film formation. After that, an overview of 
OPVCs operation principles is presented and the methods used to analyze the performance of 
OPVCs are also outlined. In chapter 3, the principles of the experimental methods like spin 
coating and GLAD are described. Additional experimental analysis methods and facilities 
such as scanning electron microscopy (SEM), scanning force microscopy (SFM) and 
ultraviolet/visible absorption (UV-VIS) spectroscopy will be covered. Furthermore, section 
3.2 will outline the materials used in this work including organic materials, electrode and 
substrates. 
In Chapter 4 the experimental results and discussion will be presented. In section 4.1, 
firstly the morphology of pentacene columnar structure prepared by GLAD is investigated by 
SEM. By manipulating the experimental parameters, a vertically aligned, homogeneous 
crystalline pentacene columnar structure on ITO substrate is made to form interdigitated 
heterojunction combined with PCBM as acceptor spin-coated. Compared with planar bi-layer 
structure, the interface area of interdigitated structure is successfully enlarged owing to the 
infiltration of PCBM into the gaps of pentacene nanocolumn as revealed by SEM results. The 
OPVCs is fabricated based on the columnar pentacene/PCBM heterojunction and the J-V 
performance is measured in the vacuum. With regard to the performance of OPVCs 
employing pentacene columnar structure, the Jsc is significantly increased matching 
expectations. The remarkable improvement of J-V characteristics verifies that utilizing 
vertical aligned columnar structure can effectively improve the performance of OPVCs by 
maximizing the donor-acceptor interface area and eliminating charge transport and exciton 
diffusion bottlenecks. Although the preparation of the perfectly interdigitated heterojunction 
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via vacuum depositing C60 as the acceptor was fail, it motivated further study of optimized 
nanocolumn morphology. 
Section 4.2 presents different morphological properties of vertically aligned nanocolumn 
structure with another molecule diindenoperylene grown by GLAD, as well as its application 
in OPVCs. AFM and SEM were used to quantitatively analyze the donor/acceptor interface 
area and evaluate the quality of the interdigitated heterojunction. X-ray diffraction and 
ultraviolet/visible absorption spectroscopy were carried out to help identify the DIP molecular 
orientations. In comparison to bilayer heterojunction devices, the power conversion efficiency 
of OPVCs employing DIP columnar structure is increased, despite the fact that the DIP 
volume in columnar structured OPVCs is much less as shown from the quantitative analysis 
of absorption spectra. The performance improvement of OPVCs can be linked to both the 
enlarged donor-acceptor interface area and the enhanced light absorption.  
Section 4.3 presents another promising method: doping, to improve the characteristics of 
OPVCs. The morphological, optical and electrical properties of pristine and F4-TCNQ doped 
polyfuran are studied with AFM, ultraviolet/visible absorption spectroscopy and ultraviolet 
photoelectron spectroscopy respectively. The conductivities of doping polyfuran are also 
investigated. Polyfuran with different F4-TCNQ doping percentage as electron donor is used 
to fabricate OPVCs with fullerene acting as the acceptor. Upon increasing the doping ratio, 
the photovoltaic gap of OPVCs is increased significantly, resulting in larger Voc, as verified by 
UPS results. This phenomenon might be induced by net dipoles between doping polyfuran 
and fullerene with a positive end at polyfuran. At the end, doping polyfuran as an electron 
transport layer is used in OPVCs to assist in optimizing the performance of OPVCs based on 
ZnPc/C60. Through successfully eliminating the S-shape of devices based on ZnPc/C60 
heterojunction and additional absorption in blue region, the power conversion efficiency has 
been improved remarkably. 
Chapter 5 gives a summary of this work and an outlook on further work. 
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Chapter 2 
Fundamentals 
In this chapter, the necessary physical fundamentals are summarized for the 
understanding and discussion of the experimental results, such as charge transport and doping 
of organic semiconductors. The film formation models for vacuum and solution based 
depositions are also described. Furthermore, the operation of organic photovoltaic cells and 
other basic principles are illustrated.  
 
2.1  Conjugated organic semiconductors 
Conjugated organic semiconductors (COS) have been investigated for several decades. 
In the 1960s interest reached a new level following the discovery of electroluminescence. 
Later, the application of organic semiconductors in the field of organic electronics drew large 
attention, in particular, both in academia and industry where many are trying to implement 
and optimize organic light emitting diodes and organic photovoltaic cells.  
COS, of which there are two types - low molecular weight materials and polymers, refer 
to organic materials exhibiting semiconductor properties owing to their electron configuration 
of atomic carbon in the ground state (1s22s22p2). The first and second s-orbitals are fully 
occupied by two different spin electrons and the remaining two electrons take up either two of 
three degenerated p-orbitals. One s- and two p-orbitals can form three hybrid orbitals in the 
same plane, named sp2-hybridisations. In molecules the overlapped sp2-hybrid orbitals from 
adjacent carbon atoms form σ-bonds, while the third p-orbital kept perpendicular to the sp2 
plane can lead to the formation of	π-bonds. Take as an example the most simple aromatic 
molecule benzene where all carbon atoms are sp2 hybridized (see Fig.2.1). This means that 
two out the three p-orbitals are hybridized with the s orbital forming three equivalent ones 
with the third p-orbital perpendicular to the plane of the hybridized three. The three in plane 
hybridized orbitals form σ	-bonds with adjacent neighbors and the p_z orbitals form π-bonds 
respectively, retaking a delocalized electron cloud. In addition, all six π-bonds are equivalent. 
In comparison to	σ-bonds, π-bonds are much weaker due to significantly less overlap of the 
neighboring p-orbitals as a result of their parallel orientation. This leads to a delocalized 
electron clouds mainly localized above and below the molecular plane. In this case, 
negatively charged π-clouds on either side of the symmetry plane are compensated by the 
positive charges of the atomic nuclei in the molecular plane. As a result, there are two 
opposite dipole pointing toward the centered molecular plane canceling the dipole moment, 
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resulting in quadrupolar and higher order moments, and π-type molecular orbitals (bonding 
ߨ- antibonding ߨ∗) are formed with spatially extended atoms. In the ground state, all orbitals 
are fully filled with electrons up to the highest occupied molecular orbital (HOMO), and all 
orbitals are empty from the lowest unoccupied molecular orbital (LUMO). 
One theoretical mode to describe the molecular orbitals was developed through solving 
the Schrödinger equation ܪ߰ ൌ ܧ߰ , called linear combination of atomic orbitals 
(LCAO).[Atkins, 2006] Consider the simplest case of one electron that can be found 
belonging to two atomic orbitals ߰஺ଵ௦  and ߰஻ଵ௦  respectively, with the total electron 
wavefunction given by the equation 
߰ ൌ Nሺ߰஺ଵ௦ േ ߰஻ଵ௦ሻ                           (2.1) 
where N is normalized factor. When a large molecule or even polymer are then considered, 
the general form of the sum wavefunction extending to all orbitals in the molecule would be 
߰ ൌ ∑ ܿ௜௜ ߰௜                               (2.2) 
where |ܿ௜|ଶ denotes the proportion of atomic orbital ݅ in the bonds, representing bond 
polarity information in the molecule. However, computation of electron wavefunctions for 
large weight molecules in reality with this mode is impossible due to the complex 
electron-electron interactions in a many body system. In addition, this mode is restricted to 
the linear molecules. Therefore the approach is unable to solve nonlinear cases like 
conjugated molecules since further approximation is required. Erich Hückel suggested, for 
conjugated molecules, that carbon atoms be treated equally, neglecting the influence of the 
alternative single and double bonds along the carbon atoms chain. In this way, all σ	–bonds 
are considered fixed, the Coulomb integral α related to π-bonds can then be taken as equal. 
Consider once again benzene as an example. By employing Hückel approximation, the 
energies of benzene six π-bonds could be obtained from diagonalizing the Hamiltonian 
matrix[Atkins, 2006, Huckel, 1931] 
 
ܪ ൌ
ۉ
ۈۈ
ۈۈ
ۈ
ۇ
ߙ ߚ ߚ
ߚ ߙ ߚ
ߚ ߙ ߚ
ߚ ߙ ߚ
ߚ ߙ ߚ
ߚ ߚ ߙی
ۋۋ
ۋۋ
ۋ
ۊ
                       (2.3) 
where the eigenvalues are E ൌ α േ 2β, α േ β, α േ β  respectively, α  denotes Coulomb 
integral and β denotes resonance integral. As indicated in Fig.2.2, all bonding energies are 
filled such that the energy level α ൅ β is the highest occupied molecular orbital, and 
symmetrically while α െ β denotes the lowest unoccupied molecular orbital.  
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Fig.2.1 Schematic of sp2 hybridization in benzene molecule and formation of 	π -bonds 
and	σ-bonds.[Atkins, 2006]  
 
         
Fig.2.2 Electronic structure of the benzene molecules π-electrons [Atkins, 2006]. 
 
Molecular solids are mainly bound by Van der Waals forces as a result of dipole-dipole 
interactions by charge fluctuation causing non-permanent dipole moments. The dipole-dipole 
interaction energy can be given by the equation [Atkins, 2006] 
ܸ ൌ ఓభఓమ௙ሺఏሻସగఌబ௥య                                 (2.4) 
where ߤଵ,	ߤଶ are dipoles of two molecules respectively, r is the distance between two 
dipoles average, ߝ଴  is the vacuum permittivity and ݂ሺߠሻ  is the dipole orientations 
dependent function. Comparing with covalent bonding, the weak bonding forces of Van der 
Waals type forces give rise to low melting points and lower hardness, and in particular a big 
difference for both charge transport and optical properties.  
The optical absorption characteristics of COS are dominated by their optical gap which 
is related to the extension of the ߨ- ߨ∗ transitions. Upon optical excitation electron-hole 
pairs are created which usually localize on one molecule or a few monomer units of a 
polymer chain (Frankel exciton) due to the strong coulomb attraction. Frankel exciton is often 
found in organic semiconductor where molecules are not packed densely. If the exciton's 
electron hole spacing is larger, extending over many molecular units, such a large distance 
electron-hole pair is called a Wannier exciton[Wannier, 1937] (see Fig. 2.3).  
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Fig.2.3 Excitons with different radii, diagrams of Frenkel exciton (left) and Wannier exciton 
(right).[Schwoerer, 2005] 
 
 
Fig.2.4  Schematic representation of a polaron. The black minus is conduction electron; dash circles 
are original lattice sites; grey minus are repulsed electrons; red plus is an attracted hole. 
 
Another important effect that needs to be addressed is the polaronic effect that is 
typically observed in ionic and highly polar semiconductors like π-conjugated polymers. 
This effect was first introduced by Landau in 1933[Landau, 1933] to describe electron 
movement on a polarized lattice. The formation of polaron can be explained in the following 
manner. The Coulomb interaction between a conduction electron (hole) and surrounding 
lattice can deform the lattice environment, attracting holes (electrons) to the surrounding 
lattice sites close to the conduction electron (hole) and pushing the residual sites electrons 
(holes) away as shown in Fig.2.4. In ߨ-conjugated polymers, the intersubbands are created 
due to the rearrangement of charges distribution, which can be found from ultraviolet/visible 
absorption spectroscopy (detailed discussion in section 4.3). 
 
2.1.1 Charge carrier transport 
Through years of development, conjugated organic materials have been based 
preferentially upon either holes (positive polarons) transport or electron (negative polarons) 
transport (In fact, organic materials could transport both holes and electrons[Sirringhaus, 
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2003]), and in most cases, the distinction relies on the relative ease of charge injection from 
electrodes used in devices rather than the actual charge transport capability of the materials. 
For instance, for organic photovoltaic cells, diindenoperylene (DIP) is usually referred to as a 
donor (for hole transport), e.g. when combined with fullerene acting as the acceptor (electrons 
transport); However, in combination with α -sexithiophene (6T), DIP can also act an 
acceptor.[Hörmann, 2011a] 
Normally electronic transport properties can be described with the carrier mobility (ߤ) 
given by the Einstein-Smoluchowski equation in the absence of external potential, 
	μ ൌ ௘஽௞ಳ்                                 (2.5) 
where D is charge diffusion coefficient of the materials, ݇஻	is Boltzmann constant and T is 
temperature. Additionally, ߤ can be defined by the electric field-induced velocity ݒ and the 
applied electric field E, 
			μ ൌ ݒ ܧ⁄ .                                (2.6) 
Similar to observations for inorganic semiconductors,[Glaeser, 1966b] upon temperature 
increase, the charge carrier mobility OSCs is reduced due to increased phonon 
scattering.[Warta, 1985] Subsequently, the local polarization interactions increase resulting in 
the width of the bands narrowing [Holstein, 1959a, Holstein, 1959b, Hannewald, 2004, Koch, 
2006]. It turns out to be polarization networks in which polarons jump from one unit to their 
adjacent units. This process of charge transport is named polaron-hopping transport which 
recently has been shown to happen in a number of materials, such as amorphous materials and 
polymer thin films. Considering also the coherent electron transport (tunneling effect), the 
final mobility can be given as a sum of these two contributions,  
μ ൌ μ௧௨௡ ൅ μ௛௢௣                              (2.7) 
The first term denotes the contribution of coherent electron transport dominating at low 
temperature, and the second term represents the domination of hopping transport in high 
temperature region. [Glaeser, 1966a, Emin, 1975] For instance, in the case of strong electron- 
-photon couplings (see Fig.2.5), there are three regions: (i) at low temperature (T ≪ Tଵ), the 
mobility is dominated by tunneling, decreased upon temperature increasing, (ii) in the 
intermediate region (Tଵ ൏ T ൏ Tଶ), hopping transport starts to dominate, and the integral 
mobility starts to increase gradually with temperature raise and (iii) in the third region of very 
high temperature (T ൒ Tଶ), the mobility starts to decrease due to the interruption of high 
thermal energy. The thermal energy is high enough to dissociate polarons leading to the 
occurrence of the scattering between residual electrons and thermal photons. Consequently, 
the conductivity is decreased.[Coropceanu, 2007b] 
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where a is the spacing between molecules, t is the absolute value of the transfer integral for 
electrons or holes, ԰߱ is the energy of an optical phonon and α ൌ E୮ ԰ω⁄  is the ratio of the 
polaron binding energy to an photon energy ԰߱ representing the electron-photon coupling 
strength.[Warta, 1985, Coropceanu, 2007b, Brutting, 2012] Equation 2.9, which is based on 
the assumption of narrowing band, is normally used to analyze the coherent charge transfer at 
low temperature. 
When intermolecular distances and orientations in organic thin films vary as in 
molecular doped polymers, static disorder dominates the charge transport properties. Upon 
increasing the amount of disorder, more and more band states present in highly ordered 
materials become localized, turning charge transport in the hopping regime with charges 
migrating between interacting molecules. One applicable model describing hopping in a 
manifold of sites is the Gaussian disorder model. The hopping rate was simplified by Miller 
and Abrahams[Miller, 1960, Bassler, 2012] and given by the expression  
ߢ௜௝ ൌ ߥ ∙ exp	ሺെ2ߛܴ௜௝ሻ ൝exp ቀെ
ఢೕିఌ೔
௞ಳ் ቁ								 ௝߳ ൐ ߝ௜	1																													 ௝߳ ൏ ߝ௜
                (2.10) 
where ߥ is the attempt hopping frequency, ܴ௜௝ is the separation between sites ݅ and ݆, ߛ 
is the overlap factor and, ߝ௜ and ௝߳ 	are the site energies. The first exponential term represents 
the overlap of the wave function between state i and j associated with the tunneling effect. 
The second exponential term is the Boltzmann factor for a jump to higher energy level and 
equal to 1 for a jump to lower energy site. This mode enables the description of the case of 
weak electron-photon coupling and low temperatures, indicating that upwards hops are 
temperature activated and downwards hops are temperature independent.  
Another simplified mode to describe the semi-classical electron-transfer rates in highly 
disorder organic semiconductor system was given by Marcus,[Marcus, 1993] 
ߢ௜௝ ൌ ௧
మ
԰ ቂ
గ
௞ಳ்ఒቃ
భ
మ exp ቈെ ൫ఒାఢೕିఌ೔൯
మ
ସఒ௞ಳ் ቉                        (2.11) 
where ߣ is intramolecular reorganization energy. This mode is suitable for large electron- 
-photon couplings and high temperature due to the introduction of ߣ. 
In reality, hopping is well accepted to describe the motion of charge carriers, owing to 
the static, energetic and positional disorder in low-mobility organic semiconductors.[Brutting, 
2012] However, new developed organic materials with high mobility of 1 cm2/VS cannot be 
simply explained with one model[Anthony, 2010]. Thus, understanding charge carrier 
transport requires a combination of the Bloch-wave band model and the hopping model, 
which has previously been discussed in detail [Brutting, 2012]. Experimentally, the charge 
carrier mobilities of organic materials, which can be prepared as thin films, may be 
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investigated using several methods such as time-of-flight measurement, space charge limited 
current method in diode measurement and field-effect transistor measurement.  
 
2.1.2 Doping organic semiconductors 
Doping was used as one of the most efficient strategies for realizing device functionality 
in organic semiconductors (OSCs) for several decades as inspired by the doping of inorganic 
semiconductors. [Akamatu, 1954, Lüssem, 2013] Ideally, doping OSCs was expected to 
achieve the same functions of inorganic counterparts, such as increasing conductivity and 
tuning the position of Fermi-level for a single layer. In fact, doping led to an increase in 
conductivity for OSCs as verified by many methods such as filling of shallow traps or by 
introducing additional traps, [Gao, 2003, Arkhipov, 2005a, Arkhipov, 2005b, Krellner, 2007, 
Yim, 2008, Sun, 2009, Zhang, 2010, Rivnay, 2011, Mityashin, 2012, Nicolai, 2012, Olthof, 
2012, Pingel, 2012]. This conductivity increase is demonstrated in Fig.2.6 where there 
increase is almost linear with the doping ration increase in the low doping region. The 
function of tuning energy level is still under investigation.  
In general, the doping process in OSCs is similar to that for inorganic counterparts, in 
that dopants are mixed with the host material becoming ionized. Afterwards holes (electrons) 
are donated to the host material leading to the creation of electrons (holes). However, the 
indeed doping behavior is different caused by the complex charge transport characteristics, as 
discussed in section 2.1.1.  
 
 
Fig.2.6 Conductivity of polyfuran film with increased doping ratio. The dopant is 
tetrafluorotetracyanoquinodimethane (F4-TCNQ). The doping ratio 1% refers to the additional of 1 
F4-TCNQ molecule per 100 periodic polyfuran monomer units. 
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In early research, the doping of OSCs was inspired by the doping of inorganic 
semiconductors, utilizing iodine or bromine as dopants. However, when applied to organic 
electronic devices, the devices exhibited short life-time induced by instabilities of the doping 
atom in OSCs caused for example by diffusion. [Akamatu, 1954, Yamamoto, 1979] Later, 
small metal atoms, for instance lithium, were used as dopants with such doping OSCs systems 
also suffering instability issues like diffusion.[Kido, 1998, Walzer, 2007, Parthasarathy, 2001] 
In order to solve the problem mentioned above, large atoms or even molecules provide a 
suitable alternative. Therefore, molecular doping OSCs were developed in an attempt to 
realize controllable and stable doping.[Kearns, 1960, Nollau, 2000b, Zhang, 2009, Salzmann, 
2012a, Aziz, 2007] Karl Leo and his co-workers did systematical research both on p-type and 
n-type doping to understand the molecular doping behavior and presented stable doping of 
OSCs with small molecules and successfully applied this to fabricate organic electronic 
devices. [Reineke, 2009, Lüssem, 2013, Pfeiffer, 1998, Maennig, 2001, Nollau, 2000a] 
One model (see Fig.2.7) used to describe the organic doping is integer charge transfer.  
For p-type doping, an electron transfers from the HOMO of the host to the LUMO of the 
dopant, creating a localized charge on the dopant and a coulombically bound hole or mobile 
hole in the OSCs matrix. In this case, the electron affinity (EA) of the p-type dopant must be 
higher than the ionization energy (IE) of the host. Similarly, for n-type doping, the dopant 
donates an electron from its’ HOMO to the LUMO of the host, thereby creating a hole. (In 
reality, n-type doping was not commonly used as p-type doping because few molecules could 
satisfy the energy level requirement that the LUMO of the dopant molecule needs to be higher 
than the HOMO of the host molecule). 
Figure 2.8 illustrates another recently reported model for molecular doping in 
OSCs.[Aziz, 2007, Salzmann, 2012a, Pingel, 2010, Mendez, 2013, Heimel, 2012] This model 
suggested that frontier molecular orbital hybridization could happen between the HOMO of 
OSCs and the LUMO of dopants for a p-type doping, which led a middle state with a reduced 
energy gap composed of hybrid orbitals. The middle state was named as charge-transfer 
complex. In such a state, free charge can be produced by intermolecular excitation. For 
instance, doping 2,7-didecy(1)benzothieno(3,2-b)(1)benzothiophene (BTBT) with 
tetracyanochinodimethan (TCNQ) and its fluorinated derivatives, orbital hybridization 
between the BTBT HOMO and the LUMO of the TCNQ derivatives results in the formation 
of a charge-transfer complex with a reduced energy gap. That extra absorption peak in the 
infrared region corresponds to low energy transitions that can be deduced based on the model 
with Hückel-like treatment.[Salzmann, 2012a, Huckel, 1931] The band gap energy can be 
obtained from the secular equation  
ܧ ൌ ଵଶ ቂሺܧୌି୓ ൅ ܧ୐ିୈሻ േ ඥሺܧୌି୓ െ ܧ୐ିୈሻଶ ൅ 4ߚଶቃ           (2.12) 
where EH-O is energy level of OSCs HOMO, EL-D is energy level of dopant LUMO and ߚ is 
the intermolecular resonance integral. According to equation 2.12, the complex band gap 
energy strongly depends on the EL-D. 
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Fig.2.7 Schematic representation of molecular doping mode: integer charge transfer mode. (a) p-type 
doping; (b) n-type doping. LUMO denotes the lowest unoccupied molecular orbitals, HOMO denotes 
the highest occupied molecular orbitals. OSCs are organic semiconductors, red balls with plus inside 
denote positive charges, blue balls with minus denote negative charges. Dash-line balls with minus 
denote the original position of negative charges before doping. 
 
 
Fig.2.8 Schematic representation of alternative molecular doping mode: charge transfer complex mode. 
LUMO denotes the lowest unoccupied molecular orbitals, HOMO denotes the highest occupied 
molecular orbitals. OSCs are organic semiconductors, CPX denotes the energy levels of charge transfer 
complex, red ball with plus inside denote positive charges, blue ball with minus denote negative 
charges. Dash-line balls with minus and plus denote the final positions of negative and positive charges 
after doping. The figure is reproduced from the paper [Mendez, 2013]. 
 
Doping efficiency is mainly determined by the ionization rate of the dopant in OSCs. 
Commonly, it is given by the ratio of free charge carriers to the number of dopants. As a result 
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of the low dielectric constant in OSCs, strong Coulomb interaction between ionized dopants 
and the charge transferred to the host can hinder them from turning to free charges, which 
means not every ionized dopant can generate a free charge. Thus, doping efficiency in OSCs 
is much lower than that in inorganic semiconductors. In addition, as demonstrated in the 
second model, the ionization rate of the dopant is strongly affected by the magnitude of 
hybridization which can be determined by the individual energy levels of OSCs and dopants, 
as well as the molecular structures at the nodal.[Coropceanu, 2007a, Salzmann, 2012a, 
Mendez, 2013, Lüssem, 2013, Walzer, 2007] For instance, the IE of zinc phthalocyanine was 
5.28 and EA of tetrafluorotetracyanoquinodimethane (F4-TCNQ) was 5.24. Assuming the 
charge transfer rate of ZnPc/p-type dopant F4-TCNQ was 1; when using TCNQ whose EA 
was 4.5 eV instead of F4-TCNQ as dopant, the charge transfer rate decreased to 0.2.[Gao, 
2002, Brutting, 2012]  
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2.2 Organic thin film fabrication 
The fundamental properties of organic thin film are strongly dependent upon the film 
structure. [Koma, 1995, Kowarik, 2008b, Kowarik, 2008a, Dürr, 2002, Hinderhofer, 2012b, 
Kim, 2012, Gruber, 2013, Oh, 2011, Noriega, 2013] Recently, a rapid increase in research 
activity on organic thin films was triggered by their successful application in electronics and 
optoelectronics, as well as their further application potential.[You, 2013b, Søndergaard, 2013, 
Reineke, 2009] In order to optimize the film structure to satisfy the stringent requirements 
when trying to enhance the performance of an organic electronic device, a thorough 
understanding of the physics of growth processes is essential to accurately control over the 
dynamics of films formation. In terms of the growth method, thin film preparation can 
typically be completed in two ways: vacuum deposition and solution processing. In this 
section, first the dynamic processing of film formation on the substrate and the models of film 
growth are presented. Furthermore, the importance of molecular orientation with respect to 
the substrate normal is emphasized. Second, the fundamental principle and procedure of film 
formation from solution processing are both introduced.  
 
2.2.1 Vacuum deposition 
Organic molecular beam deposition (OMBD) has been used as a well-established 
vacuum deposition method to prepare organic thin film since 1985.[Koma, 1985, Masahiko, 
1989] Compared to other techniques, the OMBD has the advantages of accurate thickness 
control, and clean environment and substrate, which both are important for investigating the 
film formation mechanism and fundamental properties. 
The micro view of film formation process by OMBD is now outlined. Assuming a 
sublimed molecule impinges on a given substrate surface with a certain velocity, either an 
elastic or inelastic collision can occur. In the case of an elastic collision no energy is 
transferred, but during inelastic collision the molecule may gain or lose energy. Of course 
when the molecule is losing energy its probability of being absorbed at the surface is higher. 
The absorbed molecules lack the energy to escape the sorbent surface where they only can 
diffuse, exhibiting a random walk-like path until they dissipate all their energy or are bonded 
through nucleation and stabilized on the surface. Upon deposition multiple dynamic processes 
can occur such as inter-layer diffusion, intra-layer diffusion and dissociation of previously 
formed molecular nucleation as shown in Fig.2.9. Hence, the final film morphology is 
impacted by several dynamic processes, depending on the interaction between the substrate 
and absorbed molecules. [Venables, 1984, Forrest, 1997] 
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are equal to, or less than, the molecule-substrate interaction strength. As a result, the 
molecules tend to fill all voids and complete a monolayer on the substrate before starting to 
grow another monolayer. Intuitively one calls this layer-by-layer growth mode (Frank-van de 
Merwe growth mode). The intermediate case is a combination of the last two. After initially 
forming a (few) monolayer(s), further layer growth becomes unfavorable due to the weaker 
molecule-substrate interaction the farther away the new layer is. Consequently, islands start to 
form after a certain amount of full monolayers were grown. 
Molecular anisotropic features (e.g. rod-like molecules like pentacene and 
diindenoperylene) need to be considered in the processing of single molecule growth to form 
films on the substrate. This is relevant since experimental observations reveal that the 
molecular orientation relative to the substrate can strongly affect the many physical properties 
of organic films. [Gruber, 2013, Kowarik, 2009, Tripathi, 2006, Heinrich, 2007, Salzmann, 
2012b] For instance, there is a large difference between the absorption coefficient of 
diindenoperylene lying phase and the standing phase because its’ transition dipole moment is 
polarized along the molecular long axis (detail discussion in Section 4.2). [Heinemeyer, 
2008b] Fig.2.11 shows the angle dependent absorption measurement of 100 nm 
diindenoperylene thin film on indium tin oxide substrate. As can be seen, the absorbance 
peaks in the range of 400-600 nm are significantly increased upon increasing the angle 
between the incident light beam and the surface normal, meaning that on the substrate, most 
of diindenoperylene molecules adopt “standing” orientation. 
 
 
Fig.2.10 Different molecular growth models by physical deposition in vacuum. Sketch of island growth, 
layer-by-layer grow and layer-plus-island growth models. Green and purple balls represent molecules. 
 
For simplification, the molecular orientation with respect to the substrate surface normal 
was described in two cases. First if the van der Waals interaction, often existing among 
molecular semiconductors, exceeds the interaction between molecules and the substrate, then 
the following scenario may take place. One single molecule reaching at the substrate surface 
exhibits lying orientation. When several molecules meet this molecule in the process of 
diffusion on the substrate surface, they can form a stable agglomeration and tilt out of the 
substrate plane,[Meyer zu Heringdorf, 2001b] as shown in Fig.2.12a and b. In another case, 
when the interaction between molecules and the substrate is substantial enough in the first 
monolayer, such as for conjugated molecules on clean metal surfaces, the molecular 
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orientation is confined by this interaction. However, once film thickness increases to a realm, 
the interaction between molecules deposited later and the substrate gets weaker, and as such 
the van der Waals interaction dominates once again resulting in “standing” molecules on top 
of lying molecules (see Fig.2.12c). [Glowatzki, 2007, Ziroff, 2010, Koch, 2007b, Bröker, 
2010] 
 
 
Fig.2.11 Ultraviolet/Visible spectra of 100 nm thick diindenoperylene thin film vacuum 
deposited on indium tin oxide substrate. The sample was placed perpendicular to the incident 
light beam when using 0 degree. 
 
 
Fig.2.12 Schematic presentations of molecular orientation on the substrates. (a) A single molecule lies 
on the substrate. (b) A group of molecules exhibit a “standing” orientation due to the van der Waals 
interaction among molecules being stronger than the interaction between molecules and the substrate. 
(c) The interaction between molecules and the substrate is stronger than the van der Waals interaction 
in the first monolayers and molecules adopt a lying orientation. The top molecules have weaker 
interactions with the substrate and thus exhibit a “standing” orientation.  Reproduce from [Wilke, 
2013] 
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2.2.2 Solution processing 
Growth characteristics of polymer films are also very important as for the case of 
molecular films, determining optical and electrical properties as discussed previously. 
However, unlike for small molecules, thermal evaporation is not applicable to highly 
conjugated polymers because of instability (decomposition and degradation) at high 
temperature. Therefore, organic thin films consisting of conjugated polymers are typically 
formed from solution processing such as spray or spin coating and droplet casting. Generally, 
the complicated processes of polymer film formation from homogeneous dissolved polymeric 
solutions can be described as follows. The solution is deposited onto the substrate and then 
spread out across the substrate (depending on the preparation method used). When the solvent 
dries out, it first turns to a gel state with entangled polymer chains leading to an increase in 
the viscosity. A solid film results with further drying. [Felton, 2013] 
The spreading process of the solution on the substrate surface is related to the wetting 
properties of the solution such as the surface tension and the characteristics of the substrate 
surface i.e. roughness and hydrophobicity. Two typical wetting models are shown in Fig.2.13 
(a) and (b). The entangled polymer structure in the gel state is induced by polymer chains 
interpenetrating each other as a result of the hydrodynamic interaction between the polymer 
and the solvent during a local increase in viscosity. [Bauer, 1998] Furthermore, the 
evaporation rate of the solvent is also crucial in the film formation process. For instance, if 
the evaporation rate is too high, the droplets may dry before spreading over the whole 
substrate surface leading to a small crystalline size. On the other hand, the solid polymer film 
might be re-dissolved and resulting in a large crystalline size due to the relative high local 
concentration. This will occur if the evaporation rate is too low.  
 
 
Fig.2.13 Diagram of two types wetting models in film coating process.  a) Bad wetting. b) Good 
wetting. (c) Spreading. The dark green square denotes the substrate; red wine quasi-sphere/film denotes 
the solution. 
 
The formation of a polymer film is dependent upon the interplay of the macromolecules 
with the substrate, preparation methods, as well as processing conditions such as air pressure 
and humidity. For instance, PEDOT:PSS polymer film is coated on top of ITO substrate as a 
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hole transport layer to smooth the substrate surface. The work function of PEDOT:PSS can be 
increased with an annealing process that aims to remove the residual water in the polymer 
film.[Koch, 2007d] 
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2.3 Organic photovoltaic cells 
This section will introduce the theoretical fundamentals and operation mechanisms of 
OPVCs. First from microscopic point of view, the basic principles of energy level alignment 
in the device are introduced and the modes for understanding exciton generation, transfer and 
dissociation processing are illustrated. Next the idealized equivalent circuit mode and other 
important parameters for analyzing the OPVCs performance are described. 
 
2.3.1 Operation mechanism of OPVCs 
Separated charge carriers are transported towards the respective electrodes. The general 
structure of OPVCs consists of one or more thin organic layers between two metal or 
conductive electrodes with different work functions. In the work presented in this thesis, two 
organic thin layers (bilayer) acting as active absorbers are employed as donor and acceptor 
materials respectively. The operation of OPVCs can be described as follows as shown in 
Fig.2.14, 
i). Excitons are generated in absorbers by illumination. 
ii). Excitons diffuse to the donor/acceptor interface  
iii). Excitons at the donor/acceptor interface are separate to free electrons and holes. 
iv). Separated charge carriers are transported towards the respective electrodes. 
 
 
Fig.2.14 Diagram of three-step operation principle of a bilayer heterojunction OPVs. Orange/blue 
boxes denote HOMO and LUMO of organic materials respectively and hv denotes energy of photon. EF 
is the substrate Fermi level. 
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Using the discussion presented above, the basic principles for the design of high 
efficiency OPVCs can be easily summarized. First strong absorbing materials combined with 
high quantum efficiency are preferred, ideally covering the entire range of the solar spectrum. 
Second, before separating excitons to charge carriers at the interface of the donor/acceptor 
layers, it is necessary that excitons have a sufficient diffusion length in order to be transported 
to the interface. The exciton diffusion in organic film is very complicated, and normally the 
excitons diffusion length is used to quantitatively describe the excitons diffusion processing. 
However, there are many factors which could impact the excitons diffusion length, such as the 
material’s chemical structure and crystallization and molecular orientation.[Menke, 2014] The 
exciton dissociation process is in principle governed by the energy-level offset at or in 
vicinity of the donor/acceptor interface.[Sariciftci, 1992, Sariciftci, 1993, Stübinger, 2001, 
Koch, 2007a] After exciton dissociation, charge carrier transport with inhibited recombination 
requires high charge carrier mobility as is discussed in section 2.1.1. 
 
a. Energy level alignment 
As mentioned previously, the electronic structure of the interfaces within the OPVCs 
plays an important role in device performance. For instance, the energy offset between the 
HOMO of the donor and the LUMO of the acceptor governs exciton dissociation to free 
charges and hence has a direct impact on the possible Voc of OPVCs [Wilke, 2012]. Also the 
energy level alignment between electrodes and the organic films could lead to barriers that 
hinder the collection of dissociated charges from the OPVCs. 
(i) Electrode/organic interface 
In general, the simplest model describing the interface energetics is vacuum level (Evac) 
alignment (Schottky-Mott limit). In this case, no internal dipolar layers arise after molecular 
deposition on the substrate. Then electron and hole injection barriers (EIB and HIB) at 
electrode/organic interfaces can be estimated from separately determining the electrode work 
function (߶), and the electron affinity (EA) as well as ionization energy (IE) of the organic 
materials (c. f. Fig.2.15a) respectively using the expressions EIB=	߶-EA and HIB=IE-	߶. 
However, the model is only applicable to certain interfaces. Routinely one observes 
physicochemical process at the interface, leading to vacuum level shifts.  Calculation of the 
barrier heights via the above equations breaks down for this situation,[Witte, 2005, Kahn, 
2003a, De Renzi, 2005, Koch, 2003]. As shown in Fig.2.15b, the values of EIB and HIB can 
be changed by the vacuum energy shift	Δ߶ so that EIBᇱ ൌ ߶ᇱ െ EA and HIBᇱ ൌ IE െ ߶ᇱ 
where ߶ᇱ ൌ ߶ െ Δ߶. The charge injection barrier depends on the specific contact materials. 
For instance, if using a higher ߶ electrode (߶ ൐ IE), in order to establish thermodynamic 
equilibrium, charge transfer from molecules to electrode will occur at the interface. However, 
this normally results in the alignment of the HOMO below the Fermi Level again, leading to 
small HIB (Fig.2.15c). However the exact energy level alignment is dependent on many 
aspects as contaminations of the surfaces that are not presented in detail here.  
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Fig.2.15 Schematic energy level diagrams for interfaces between electrodes and organic materials. (a) 
Vacuum level alignment. (b) Low work function contact (Δ߶). (c) High work function contact. ߶	 is 
electrode work function, EF is electrode Fermi level, L is LUMO of organic semiconductor, H is 
HOMO of organic semiconductor, EA is electron affinity of organic semiconductor, IE is ionization 
energy of organic semiconductor, EIB and EIB’ are electron injection barriers, and HIB and HIB’ are 
hole injection barriers. 
 
In this work, the bottom electrode used for device fabrication is PEDOT:PSS. Different 
to metal electrodes, the interaction between polymer electrodes and molecules is quite weak. 
Several studies on energy level alignment between PEDOT:PSS and some organic 
semiconductors presented a comparably simple rule showing that the employment of a higher 
work function PEDOT:PSS electrode (߶ ൐ IE) could effectively reduce the HIB to a few 
hundreds meV (polaron relaxation energy). [Koch, 2007b, Rentenberger, 2006, Koch, 2005, 
Wagner, 2010, Wilke, 2011, Wagner, 2012]  One model explaining such behavior is the 
integer charge transfer model, where pinning occurs between substrate Fermi level and 
positively charged states formed by positive polarons in the organic materials.[Fahlman, 2007, 
Braun, 2009, Brutting, 2012] 
 
(ii) Organic/organic interface 
For simplification, the Schottky Mott limit can be adopted to study the energy level 
alignment at organic/organic interfaces also if no strong chemical interaction occurs (see 
Fig.2.16).  After depositing the second molecule semiconductor on top of initial molecule, 
vacuum level pinning occurs with no associated energy level shift. The energy offset between 
the HOMO level of first organic semiconductor and LUMO level of second organic 
semiconductor is defined as the photovoltaic gap (Epvg), which plays a crucial role on 
photogenerated exciton dissociation in OPVCs, which is given by the expression: 
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Fig.2.16 Schematic energy level diagrams for interfaces between organic and organic semiconductors 
on substrates. (a) Vacuum level alignment. (b) Non vacuum level alignment. IE1 is ionization energy of 
first organic semiconductor, EA2 is electron affinity of second organic semiconductor, Epvg is 
photovoltaic gap. The small interface dipole at organic/organic interface is due to polarization effect. 
 
ܧ୮୴୥ ൌ ܫܧଵ െ ܧܣଶ                           (2.14) 
Furthermore, the energy level alignment at organic/organic interface can also be affected by 
the morphologies and molecular orientation of the organic layers, as well as substrate energy 
level pinning conditions. 
 
b. Photogeneration  
The absorption probability of an incident photon of energy ݄ݒ can be described by the 
absorption coefficient 	αሺ݄ݒሻ  which can be determined by ultraviolet/visible absorption 
spectroscopy. This is discussed in greater detail in next chapter. When the photon energy is 
larger than the absorber’s optical gap, excitons can be generated. The light intensity, and 
hence also the photogenerated charge carriers, decreases exponentially with sample depth z, 
but for an infinitesimal thick organic layer the probability of absorbing photons can be taken 
to be equivalent. The absorption coefficient in organic film is therefore given by: 
		αሺ԰ݒሻ ൎ ܣ∗൫݄ݒ െ ܧ௚൯
భ
మ                       (2.15) 
where A* is a constant and Eg is the optical gap energy. The photogeneration (G) of 
electron-hole pairs (excitons) on an area A thereby can be obtained by integrating over the 
film thickness, 
Gሺzሻ ൌ ܣ∗ ׬൫1 െ ݎሺߣሻ൯݂ሺߣሻߙሺߣሻ݁ିఈ௭݀ߣ               (2.16) 
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where ߣ	 is incident light wavelength, ݎሺߣሻ is the reflectance and ݂ሺߣሻ is the incident 
photon flux.[Brabec, 2003] 
c. Recombination 
Generated electrons and holes can recombine during transportation and do not contribute 
to the output electrical current. Energy generated by electron-hole annihilation can be 
redirected in two manners called radiative recombination and non-radiative recombination. In 
a non-radiative recombination, the energy is taken up by generated phonons owing to atomic 
vibrations or other charge carriers who can lose their energy via scattering.[Brabec, 2003] 
This process is only predominant when there are abundant mediate states in the energy gap. In 
contrast, radiative recombination generates photons once again. 
One well accepted model for describing the charge carrier recombination was introduced 
by Langevin in 1903.[Langevin, 1903, Foertig, 2009, van der Holst, 2009] The recombination 
rate is given by the equation, 
		ܴ௅ ൌ ௘ሺఓ೐ାఓ೓ሻఢೝఢబ ൫݊௘݊௣ െ ݊௜
ଶ൯                    (2.17) 
where ߤ௘ and ߤ௛ are electron and hole mobility respectively, ߳௥	is the relative dielectric 
constant of the semiconductor, ߳଴ is the vacuum permeability, ݊௘ and ݊௣	 are the charge 
carrier concentration of photogenerated electrons and holes and ݊௜	is the intrinsic charge 
carrier concentration. This model assumes that the recombination of charge carriers only 
occurs when the mean-free path of charge carriers is smaller than Coulomb radius rc,  
		ݎ௖ ൌ ௘
మ
ସగఢೝఢబ௞ಳ் .                            (2.18) 
Theoretically, in the work presented here, it is found that employing high charge carrier 
mobility organic materials as absorbers can be very helpful towards hindering the 
photogenerated charge carrier recombination in OPVCs. Additionally, in real organic 
electronics, the recombination also takes place at the interface of grain boundaries, the 
contacts between organic materials and electrodes, as well as at the defects in the organic 
materials. 
 
d. Exciton diffusion 
The photogenerated excitons (electron-hole pairs) can be separated to free electrons and 
holes at or around the interface of the donor/acceptor layers where the Coulomb interaction 
can be overcome by the electrical field produced by the donor/acceptor heterojunction, and 
thus effectively contribute to the net electrical current,. Therefore, the randomly produced 
excitons in the organic layer are transferred to the interface where separation can occur. There 
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are two types of theories used to describe the energy transfer of exciton migration in organic 
semiconductors, Förster and Dexter transfer. 
The Förster transfer rate is given by Förster transfer refers to the non-radiative transfer 
taking place via dipole-dipole interaction between the electronic states of the “host” 
molecules and the “neighboring” molecules.[Förster, 1959, Ahn, 2007, Feron, 2012] Here, the 
“host” molecule is the energy donor that contains the exciton, and the “neighboring” molecule 
is the molecule that will accept energy. The transfer process can be described as follows. Due 
to light absorption in a “host” molecule, the molecule is excited to the higher vibrational level 
of its first electronic excitation state and subsequently converted to lower vibrational levels of 
the same electronic state to reach thermal equilibrium. When the energy difference for one of 
thermal relaxation is equivalent to one possible absorption transition of a “neighboring” 
molecule with a sufficiently strong dipole-dipole interaction, the same processes give rise to a 
transfer of excitation energy from the “host” molecule to the “neighboring” molecule. 
Naturally, excitation transfer between highly ordered comparable molecules can occur 
simultaneously and therefore, in solid films, the excitation can migrate from the absorbing 
molecule to another molecule over tens of nanometers away before recombination.[Förster, 
1959] The Förster transfer rate is given by  
	݇ி் ൌ ଵఛబ ቀ
ோబ
௥ ቁ
଺
                            (2.19) 
where ߬଴ is the fluorescence lifetime of the exciton,  r is the distance between “host” 
molecule and “neighboring” molecule, and ܴ଴ is the Förster transfer radius,[Förster, 1959] 
which is defined as: 
 
 
Fig.2.17 Diagram of simplified model of Förster transfer. D denotes donor molecule and A denotes 
acceptor molecule. [Förster, 1959]  
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ܴ଴଺ ൌ ଽ଴଴଴௟௡ଵ଴థ఑
మ
ଵଶ଼గఱ௡రேಲ ׬ ௦݂ሺݒሻ߳஺ሺݒሻ
ௗ௩
௩ర
ஶ
଴                    (2.20) 
where ߶ is the fluorescence quantum yield, k is the orientation factor between the “host” and 
“neighboring” molecule, n is the refractive index, ஺ܰ  is Avogadro’s number, v is the 
frequency of light, ߳஺ሺݒሻ is the peak-normalised fluorescence spectrum of the donor and 
௦݂ሺݒሻ is the absorption spectrum of the “neighboring”. 
Considering highly ordered molecular packing, the intermolecular spacing is very small, 
and their Coulombic interaction may no longer be determined by dipole-dipole interaction. 
Additionally, Förster transfer is forbidden for triplet exciton transfer; thus Förster transfer 
model is not applicable. Another model, the Dexter transfer model, allows for a description of 
the energy transfer process in terms of electron exchange directly, which requires the 
molecular orbitals to overlap.[Dexter, 1953] The transfer rate decays exponentially with 
increasing distance between two molecules, and remains constant within the typical distance 
(d) of one nanometer. A thickness dependent expression for the transfer rate is     
			݇஽ሺ݀ሻ ൌ ܭ ∙ ܬ ∙ exp ቀെ ଶௗ௅ ቁ                         (2.21) 
where K relates to orbital interaction, J is nominalized spectral overlap integral and L is the 
van der Waals radius.[Dexter, 1953, Menke, 2014] One simplified representation is shown in 
Fig.2.18 describing the process of electron transfer through the physical exchange of electrons 
in the Dexter transfer model. Thus, exciton transfer can be described as an ensemble of 
self-energy transfer hopping events in one unit lattice.[Powell, 1975]      
 
 
Fig.2.18 Simplified schematic representation of triplet Dexter transfer. 
        
e. Exciton dissociation 
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In general, when excitons diffuse to the donor/acceptor interface without recombining, 
they can be separated to free charges. Alternatively, they can recombine to the ground state. In 
order to obtain high efficiency of OPVCs, the exciton dissociation rate must be high and 
stable, and recombination should be inhibited. However, the mechanism of exciton 
dissociation across the donor/aceeptor interface into free charge carriers is still under debate. 
[Sano, 1979, Braun, 1984, Barth, 1997, Peumans, 2004, Wojcik, 2009, Deibel, 2010]  
In order to separate the excitons to free charges, the binding energy of exactions must be 
overcome. Normally, the binding energy of a delocalized exciton is given as 
E௕ ൌ ݁ଶ ሺ4ߨߝ௥ߝ଴ݎሻ⁄ , where r is the exciton radius. After the excitons are successfully 
separated, one of two situations can develop - either the excitons are separated into free 
charges or they form charge transfer excitons.[Frankevich, 1992, Deibel, 2009, Mihailetchi, 
2004, Zhu, 2009, Nenashev, 2011, Arkhipov, 2004] In 1938, the first model used to describe 
the probability of charge-pair separation were reported by Onsager.[Onsager, 1938] Later, 
Braun optimized this model by considering the external application of an electrical field in the 
well-known Onsager-Braun model in which the balance of charge pair recombination and 
dissociation rates are combined giving the expression [Braun, 1984] 
	݇ௗ௜௦௦ ൌ 〈ఓ〉௘〈ఌೝఌబ〉 ∙
ଷ
ସగ௔య ∙ exp ቀെ
ா್
௞ಳ்ቁ ∙ ቂ1 ൅ ܾ ൅
௕మ
ଷ ൅
௕య
ଵ଼ ൅ ⋯ ቃ         (2.22) 
where 〈ߤ〉 is the average mobility of charge carriers, a is the thermalisation radius,	ܧ௕ is the 
Coulomb binding energy with ܧ௕ ൌ ݁ଷܧ 8ߨ⁄ 〈ߝ௥〉ߝ଴݇஻ଶܶଶ in the Taylor expansion of a first 
order Bessel function. The model is not capable of capturing the geminate pair dissociation of 
materials with high charge carrier mobility due to the assumption that the mean free path of 
charges is much smaller than the length scale of dissociation process. 
In order to solve this limitation of the Onsager-Braun model, some corrections were 
applied by taking into consideration hopping transport with disorder density of states and the 
energetics at heterojunction interfaces.[Peumans, 2004, Barth, 1997, Wojcik, 2009, Deibel, 
2010, Nenashev, 2011, Rubel, 2008] The dissociation probability is given as a function of 
three factors: the recombination rate, particular energies of localized states and certain 
transition rates between hopping sites. The dissociation probability is expressed as  
	݇ௗ௜௦ ൌ 1 െ
∑ భೌೕሺഄሻୣ୶୮൤
ಶೕሺഄሻషಶభ
ೖಳ೅ ൨
೙షభೕస೔
ఛబା∑ భೌೕሺഄሻୣ୶୮൤
ಶೕሺഄሻషಶభ
ೖಳ೅ ൨
೙షభೕస೔
                      (2.23) 
where 1 ߬଴⁄  is the recombination rate of the initial electron transition in going from site 1 to 
the origin, j and n are hopping sites, and Ej is the site energy.[Rubel, 2008] According to 
recent experimental findings, a large energy-level offset at organic-organic heterojunction and 
the maximization of the interface area can both benefit exciton dissociation.[Snaith, 2002, 
Deibel, 2010] 
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2.3.2  Electrical characterization of OPVCs 
a. Photocurrent, dark current and open circuit voltage 
The photocurrent in organic semiconductors is generated by the collection of separated 
charges as a result of the photovoltaic effect, which is dependent on the incident light. An 
important parameter for OPV cells is the short circuit current, which is related to the light 
density and photocurrent density as follows: 
ܬୱୡ ൌ ݍ ׬ ܾୱሺߣሻܳܧሺߣሻ ݀ߣ                       (2.24) 
where q is electrical charge, ܾୱሺߣሻ is the incident photon flux density and ܳܧሺߣሻ is the 
quantum efficiency (QE) of the cells. The QE is the ratio of the number of charge carrier 
collected by electrodes to the number of total incident photons, relevant for the characteristics 
of materials such as absorption coefficient and efficiency of exciton dissociation.  
The dark current density (ୢܬ ୟ୰୩) flowing through the OPV cells in the opposite direction 
to the photocurrent that is dependent on an external applied bias in the dark. The current 
density under dark conditions for a photovoltaic cell behaves like an ideal diode such that: 
ୢܬ ୟ୰୩ሺܸሻ ൌ ܬ଴൫݁௤௏ ௡௞ಳ்⁄ െ 1൯                     (2.25) 
where ܬ଴ is a reverse saturation current density which is temperature dependent, ݇஻  is 
Boltzmann’s constant, T is temperature and n is the ideality factor of the diode. For a diode in 
the exponential region at moderate voltage, the current density in low voltage region is mainly 
influenced by the shunt resistance, while in high voltage region it is impacted by the series 
resistance. The ideality factor of the diode can be determined from derivation of the logarithm 
J-V current (see Fig.2.19):[Schroder, 2006] 
n ൌ ௤୪୬ሺଵ଴ሻ௄ಳ் ∙ 	
ଵ
೏ሺౢ౥ౝ಺ሻ
೏ೇ
                            (2.26) 
In the upper region (A) in Fig. 2.19, the relationship between the current density and the 
applied voltage is approximately linear,, which can be used to estimate the series resistance of 
the diode. For ideal OPV cells (n=1), the overall current is approximately equal to the sum of 
dark current and photocurrent. This summation is known as the superposition approximation 
and given by the equation [Fredrik A. Lindholm, 1979]  
ܬሺܸሻ ൌ ܬୱୡ െ ܬ଴൫݁௤௏ ௡௞ా்⁄ െ 1൯ .                    (2.27) 
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The effective operating regime of an OPV cell is in the range of positive bias, from 0 to 
୭ܸୡ and the power is given by ܲ ൌ ܬ ൈ ܸ. As shown in Fig.2.20, there is a maximum value η 
for ܬ ൈ ܸ under illumination that is used to define the PCE which is given by 
η ൌ ௏ౣ ౦౦௃ౣ౦౦௉౟౤                               (2.29) 
where ୧ܲ୬ is the effective incident light power, Vmpp is the voltage of maximum output power 
point and Jmpp is the current density of maximum output power point. The PCE is also closely 
related to the fill factor (FF) defined by the ratio, 
																																						FF ൌ ௏ౣ ౦౦௃ౣ౦౦௏౥ౙ௃౩ౙ  .                            (2.30) 
The PCE can be expressed with FF as, 
η ൌ ிி	௏೚೎௃ೞ೎௉೔೙  .                              (2.31) 
FF represents the diode properties of the PV cells. In general, a large series resistance and a 
relevant small shunt resistance can reduce the FF. 
 
b. Idealized Equivalent circuit mode 
The series resistance (ܴୱ), composed of the resistance of the active organic absorbers and 
contacts between organic and electrodes, is a very important parameter which affects the 
maximum power and causes degradation of PV cells. The main impact of ܴୱ is in reducing 
the FF. Therefore it needs to be kept as small as possible (see Fig.2.21a for details).The shunt 
resistance (ܴୱ୦) is also a cause for significant power losses. In particular it has a relatively 
stronger impact under low light intensity (see Fig.2.21b). As low shunt resistances provide an 
alternate current path for the photocurrent, the leads to a reduction in the output current. 
In order to understand and easily analyze these characteristics of PV cells, an idealized 
equivalent circuit model for a bilayer device is used as depicted in Fig.2.22. [Sze, 2007] This 
model consists of a photon-induced current generator (ܬ௣௛), a diode, a shunt resistor (ܴୱ୦), 
and a series resistance (ܴୱ). Frequently, ܴୱ୦ and ܴୱ are assumed to be constant, but in 
reality, they depend on the device current density. This is highlighted in Fig.2.19 where the 
slopes of J-V curve in the low and high voltage region are different, corresponding to 
different resistances upon the voltage increases. Considering the realistic influence of 
resistances on the OPVCs performance,  ܴୱ୦ and ܴୱ can be approximately evaluated by 
J-V curve fitting. ܴୱ୦ domains in the low voltage region, thereby can be obtained by fitting 
around zero bias and ܴୱ is significant in high voltage region that enables the fitting around 
zero current density. The expressions of resistance calculation are [Schroder, 2006],  
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Fig.2.21 Qualitative representation of the impact of Rsh and Rs on the J-V performance of OPVCs. (a) 
The slope of the current density in the high voltage region is reduced when Rs is increased. (b) The 
slope of the current density in the low voltage region is increased when Rsh is decreased. [Nelson, 
2003]  
 
ܴୱ ൌ ଵଶ ቂ
௏భି௏౥ౙ
஺௃భ ൅
௏౥ౙି௏మ
஺ሺି௃మሻቃ                           (2.32) 
  ܴୱ୦ ൌ ଵଶ ቂ
௏య
஺ሺ௃యି௃౩ౙሻ ൅
ି௏ర
஺ሺ௃౩ౙି௃రሻቃ                        (2.33) 
where A is the device active area. A sample fit is shown in Fig.2.23. 
 
 
Fig.2.22 Diagram of ideal equivalent circuit model for OPVCs. Jph is the photogenerated current 
density, Jdark is the dark current density of the diode, Jsh is the leak current density, Rsh is the shunt 
resistance and Rs is the series resistance. 
 
With all parameters evaluated, the current density of PV cells can be generalized from 
the Shockley equation [Bube, 1981], 
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ܬ ൌ ோೞ೓ோೞାோೞ೓ ቄܬ଴ ቂ݁ݔ݌ ቀ
௤ሺ௏ି௃ோೞ஺ሻ
௡௞ಳ் ቁ െ 1ቃ ൅
௏
ோೞ೓ቅ െ ቆܬ௣௛ െ
௏
ோೞℎ஺
ቇ         (2.34) 
where A denotes the area of the cell and ܬ଴ is the reverse saturation current density. [Barry P. 
Rand and Diana P. Burk, 2007, Potscavage, 2008] 
Overall, this model provides a direct and easy way to quantitatively understand the 
physical defects when a device shows performance worse than expectation, which can be very 
helpful to find ways to improve the PCE. Another method used to evaluate the Rs is fitting the 
dark J-V performance as shown in Fig.2.12 according to the modified Shockley equation,  
ܬ ൌ ܬ଴ ቄexp ቂ௘ሺ௏ି௃ோ౩ሻ௡௞் െ 1ቃቅ                          (2.35) 
where n can be obtained from equation (2.17) and the ܬ଴ can be found from the extrapolation 
of linear region to zero bias. Thus, Rs can be given by the equation 
ܴୱ ൌ ௏௃ െ
௡௞்
௘௃ ቀln
௃
௃బ ൅ 1ቁ                          (2.36) 
 
Fig. 2.23 Representation of approximate evaluation slopes of J-V curve under illumination. The series 
resistance is given by the slope of J-V curve around zero current density and shunt resistance is given 
by the slope of J-V curve around zero bias. A1, A2, A3 and A4 are the data points on J-V curve around 
Voc and Jsc respectively. 
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Chapter 3 
Methodology and materials 
This chapter will introduce the methodologies used to fabricate organic films and to 
analyze the performance of these devices, as well as all materials used for films and devices 
fabrication. Spin coating is used to prepare organic films from solution and GLAD is used to 
fabricate vertical aligned nanocolumn structure to be used in the fabrication of OPVCs. 
Scanning electron microscopy and atomic force microscopy are the two main methods for 
investigating films topography. Ultra-violet/visible absorption microscopy is to explore the 
absorption behavior of different materials and different film architectures.  
3.1. Methodology 
3.1.1 Spin coating 
Spin coating has been employed in the preparation of thin film coating with soluble 
materials for many years. The procedure offers better controllability during coating, good 
reproducibility, is applicable for large area substrate and is low cost. The process of film 
formation by spin coating is illustrated in Fig. 3.1. The excess solution on the flat surface of 
the substrate is ejected upon acceleration by plane rotation due to the action of centrifugal 
force, resulting in the formation of a homogeneous thin film of coating material at high 
speeds. The final thinning of the film follows the same steps as in polymer thin film 
formation.  
 
 
Fig.3.1 Schematic drawing of spin-coating process. Step 1: depositing the solution on the plane. Step 2: 
acceleration to the setting rotation speed and film thinning by radial flow of the solution. Step 3: thin 
film formed with further drying. 
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Fig.3.2 Schematic drawing of the deviation from ideal spin coating; a) Steaks in the film most likely 
induced by unclean matter on the substrate. b) Non-uniform film due to the imperfect wetting 
characteristics. 
 
The first report with regards to a theoretical model for the spin coating process was 
presented by Emslie et al in 1958, [Emslie, 1958] in which they showed a reasonable 
correlation between spin coating process and the resulting film thickness, although some 
impacts on the thickness during spin-coating were ignored. An improved model was later 
formulated that considered rest impact factors, showing correspondence between simulation 
and experimental results.[Meyerhofer, 1978, Jenekhe, 1984, Flack, 1984, Sukanek, 1985, 
Bornside, 1987, Lawrence, 1988] To simplify the simulation process, spin coating was 
divided into two stages. In the first stage, the solvent evaporation is neglected, therefore, the 
solution concentration is constant. Thus the rate of the change of film thickness h can be 
described by [Emslie, 1958] 
	ୢ୦ୢ୲ ൌ െ
ଶఘఠమ௛య
ଷఎబ                           (3.1) 
where t is rotation time, ߩ is solution concentration, ߟ଴ is initial solution viscosity and ߱ 
is rotation speed. In the second stage of the simulation process, solvent evaporation is 
considered, and consequently, the film thickness is calculated from [Bornside, 1987] 
݄௙ ൌ ሺ1 െ ݔ଴ሻ ቂቀ ଷఎబଶఘఠమቁ ݇ሺݔଵ଴ െ ݔଵஶሻቃ
భ
య               (3.2) 
where ݔ଴  is the initial solvent mass fraction (SMF) in the solution, ݔଵஶ  is SMF in 
equilibrium state with that of in gas phase and k is mass transfer coefficient. 
Through comparison of results from simulations and experiments, the polymer film 
thickness fabricated by spin coating is shown to be primarily controlled by the solution 
viscosity, the rotation rate of the plane, as well as polymer concentration in solution which is 
related to viscosity. Using a faster rotation speed or lowering the viscosity of the solution can 
lead to thinner films. Furthermore, other parameters that could influence the film formation 
include solvent evaporation rate, the initial amount of solution and the history of acceleration 
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prior to the final rotation speed, etc. In addition, film formation is also affected by the 
substrate conditions such as the cleanness and hydrophobicity of the substrate, as illustrated in 
Fig.3.2. 
 
3.1.2 Glancing angle deposition 
Glancing angle deposition (GLAD) is a physical vapor deposition technique that exploits 
ballistic self-shadowing effects during island growth and is used to fabricate high ordered 
nanostructure arrays originating from oblique angle deposition. The oblique angle deposition 
(see Fig.3.3) was first used by Knorr and Hoffman to produce magnetic anisotropy in iron 
films. [Knorr, 1959] Subsequently it was applied to produce inorganic porous microstructures 
through the precise control of substrate rotations as stipulated for GLAD,[Robbie, 1995, 
Messier, 1997]. The application of GLAD in fabricating organic nanostructure has drawn 
broad attention since Hrudey et al. presented results concerning the anisotropic optical 
properties for arrays constructed of tris(8-hydroxyquinoline)aluminum.[Hrudey, 2006a, 
Hrudey, 2006c]  
The mechanism for column structure formation is a complex process that can be affected 
by many factors, such as substrate roughness, rotation rate, temperature, diffusion properties 
on the target substrate of evaporated materials, vapor beam incident angle, deposition rate and 
vacuum pressure. These factors interact and contribute together to the final morphology of 
column structure, meaning that it is difficult to have one appropriate mode covering all factors. 
Therefore, the mechanism with limited assumptions is reviewed here.  
In the first stage of oblique incident angle deposition on a stationary substrate, film nucleation 
randomly form on the substrate surface, growing into small columns and developing shadows 
as shown in Fig.3.4a. During subsequent deposition, a large fraction of the flux is captured by 
taller grains that continue growing at the expense of their dying neighbors (see Fig.3.4b). The 
shadowing effect was verified as a key parameter in oblique angle deposition since 1960 
reported by Smith and his co-workers[Smith, 1960] indicating that on a stationary substrate, 
the valleys formation between columns was induced by the shadow of neighboring atoms. 
Due to the oblique incident angle, the evaporated atoms are unable to reach the space on the 
substrate under the shadow of the columns (see Fig.3.5b). In the meantime, Smith et al also 
found that the tilted angle β of the column were always smaller than the oblique incident 
angle α. In a small oblique angle (൏ 60°), the relationship between α and β follows the 
tangent rule [Nieuwenh.Jm, 1966], 
tanα ൌ 2tanβ.                               (3.3) 
If the oblique angle was increased to larger than 60°, ballistic model was applied[Tait, 1993], 
β ൌ α െ arcsin ቀଵିୡ୭ୱఈଶ ቁ                           (3.4) 
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Fig. 3.3. Definition of oblique incident angle deposition. The red line with arrow end is the evaporated 
molecular beam and the angle between the beam and surface normal α is defined as incident angle, the 
substrate could be rotated above its surface normal, the substrate rotation rate is ϕ. 
 
 
Fig.3.4 Schematic representation of columns formation procedure. (a) Film nucleation formed on the 
substrate at the beginning of evaporation. (b) Development of column structures. 
 
 
Fig.3.5 Schematic representation of growth modes of (a) vertical deposition and (b) oblique incident 
deposition and ballistic mode[Dirks, 1977]. Blue discs denote atoms, blue dash circles denote the 
possible attaching positions for coming atoms, grey squares denote substrate, green dash-dot line 
denote surface normal, α is the incident angle, β denote the column tilt angle, D is the center 
diameter of the possible positions and the thick red line on the substrate denotes the shadow space. This 
figure is reproduced from [Abelmann, 1997b] 
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Another explanation for the phenomenon (when β ൏ ߙ) was proposed by Kambersky et 
al.[Kambersky, 1961] suggesting that all atoms with an oblique incident angle moved towards 
the surface normal when they reach the column tops due to the retaining parallel momentum 
to the substrate surface. However, this explanation is unable to distinguish between the 
contribution to movement from either parallel momentum or random diffusion. In any case, as 
mentioned previously, these modes are only capable of giving a first approximation of column 
formation with oblique incident angle deposition. The approximation is limited as β is 
dependent on many other features during preparation such as surface roughness, temperature 
and evaporation rate, etc.[Nakhodkin, 1972, Hashimoto, 1982, Hagemeyer, 1993, Lintymer, 
2003] 
A column deposited by oblique incident angle on a stationary substrate always shows 
textural anisotropy due to the shadow effect. If continuous substrate rotation rate were to be 
applied in conjunction with oblique incident angle then the shadowing anisotropy can be 
corrected, thus leading to vertically aligned column structures[Zhang, 2007a, Robbie, 1996, 
Abelmann, 1997a]. The diameter of a GLAD column is to some extent larger than that 
prepared without substrate rotation. By taking into consideration the surface diffusion, the 
column diameter can be described by a power law [Karabacak, 2003, Cetinkaya, 2008, 
Kaminska, 2005], 
ݓሺݐ, ߙሻ ∝ ݐ௣ሺఈሻ                             (3.5) 
 
 
Fig. 3.6 Schematic drawing of GLAD system in vacuum chamber. The bottom crucible is source heated 
with a tungsten filament, the back rod is the step motor controlling substrate rotation about the surface 
normal and the side rod is the controller attached on the substrate platform that tunes the angle of 
oblique incident molecular beam α. 
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where w denotes column width, t denotes film thickness and p is a growth coefficient 
depending on the incident angle ߙ and the material. However, the relation between growth 
coefficient and incident angle is still not clear and must be defined on a case by case basis. As 
such, the final column diameter is difficult to measure. In addition, the crystal structure of 
materials is also affected by the depositing incident angle, leading to changes in the crystal 
main axis as a result of GLAD to comparison to negligible effects from vertical deposition. In 
vertical deposition there is only a reference plane-substrate surface, while in GLAD the 
oblique incident beam acts as an additional reference plane. During deposition, the crystal 
orientation with respect to both reference planes is important. [Volmer, 1921] The origin of 
this phenomenon is the subject of much debate. One suggestion is that it can be induced by 
the surface dynamic equilibrium as qualitatively measured by the condensation coefficient 
[Francombe, 1964]. Another study has emphasized the preferential growth orientation, called 
evolutionary selection, as the main cause of this phenomenon [van der Drift, 1967].  
Due to limited physical knowledge, the mechanism for column structure formation is 
still not fully understood. A universal rule that summarizes the large collection of 
experimental observations is difficult to define as there are always exceptional observations 
disobeying the former modes. To enhance the controllability of the morphology of column 
structures formed, further experimental and theoretical studies are necessary. 
In this work, a home-made glancing angle deposition system was used as shown in 
Fig.3.6. The substrate is fixed on a platform attached to a controller that was used to 
manipulate the incident angle of the molecular beam α. On the back of the platform, a step 
motor was mounted to control the substrate rotation rate ω about the surface normal. In most 
cases, the deposition was started under high vacuum condition (൏ 10ି଺  mbar). Under 
exceptional conditions, the pressure was decreased to 10ିଷ	 mbar by filling the chamber 
with Argon gas to reduce the mean free pass of evaporated molecules. 
 
3.1.3 Scanning electron microscopy 
The first reported application of scanning electron microscope (SEM) was in 1942 by 
Zworykin, who presented topographic contrast provided by emitted secondary electrons. 
[Goldstein, 2003] In 1965, the first commercial SEM was developed by Pease and Nixon with 
significant improvement of the spatial resolution.[Breton, 1999] Nowadays, the SEM is an 
extremely useful approach for imaging and analyzing the structure and surface morphology of 
materials. A simplified SEM instrument structure is shown in Fig.3.7a.  
In the SEM, a focused electron beam interacts with a specimen leading to a number of 
particle and radiation emissions such as backscattered electrons (BSEs), secondary electrons 
(SEs) and x-rays, etc. (see Fig. 3.7b). Electrons produced at a cathode are accelerated through 
a voltage difference of 0.1-50 KV between the cathode and the anode of the device. The 
electron probe that reaches the surface has a diameter of 1-10 nm, with the diameter 
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controlled by a series of electromagnetic lenses in conjugation with apertures.[Reimer, 1998] 
“Scanning” is achieved by controlling the magnetic field generated by the coil system that 
allows for the sweeping of the focused electron beam across the specimen surface. The 
incident electrons interact with the sample and in doing so lose some of their kinetic energy 
due to elastic or inelastic collisions. This then leads to the emission of electrons and x-rays 
from the sample.[Reimer, 1998] Among the varieties of electron emissions, SEs are produced 
as a result of the inelastic collisions between incoming electrons and weakly bound electrons 
in the conduction band. The SEs are collected with the Everhart-Thornley detector and 
subsequently used to create images of the topographic features of the specimen. Image quality 
is a function of the SEs yield, enhanced edge effect emission (Fig. 3.8) and small particles, 
and partial collection due to the shadow on the surface. 
 
        
Fig.3.7 (a) Schematic representation of the SEM instrument. Bottom grey square is the specimen 
placed in vacuum. The SEs detector is the secondary electron detector, yellow beams are (manipulated) 
electron beam, the upper black triangle tip is electron gun tip in between a cathode and anode, the 
condenser-lens and apertures are used to assist to focus the electron beam and control the electron beam 
radius, coils system in the middle is to tune the direction of electron beam which is used to change to 
investigation position on specimen. (b) Primary interaction between incident electrons and the 
specimen. The SEs are the secondary electrons and BEs are the backscattered electrons. 
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Fig.3.8 (a) Enhanced SEs emission due to edge effect. The IEB is the incident electron beam, the 
escaped E represents escaped electrons, the red unfilled balls under the surface are volumes of injected 
electrons and the blue arrows are electron escape directions. (b) A SEM micrograph example showing 
the edge effect. 
 
The SEs yield mainly depends on the chemical composition of the sample and the tilt 
angle of the surface element with respect to incoming electrons, as well as incident electron 
energy. Owing to their low exit energy, less than 50 eV, electrons can escape from only a few 
nanometer depths below the specimen surface. At the specimen edges, more secondary 
electrons can leave the specimen surface compared with that of flat area as shown in Fig. 3.8. 
Therefore, the areas around edges appear brighter in images. 
In this work, the HITACHI S-4100 SEM with cold field emission gun was used to 
investigate samples’ topography and lateral structure. The accelerating voltage can be varied 
between 0.5 and 30 KV. The maximum resolution that can be reached is 1.5 nm. In order to 
obtain high resolution images, before investigation a 10 nm thick gold layer was usually 
sputtered onto specimens. 
 
3.1.4 Scanning force microscopy 
The scanning force microscope (SFM) invented by Binning et al in 1986 was developed 
from the scanning tunneling microscope,[Binnig, 1986] and allows for the study of the 
surface topography with sub-molecular resolution. The basic principle of the SFM is to 
measure the attractive or repulsive force between the sharp tip mounted on a flexible 
cantilever and the surface of solid film on an atomic scale of nanometers. A schematic 
representation of SFM operation process is shown in Fig. 3.9.  
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mean square roughness. The entire surface area is the sum of the area (ݏ௜) of all of the 
triangles formed by three adjacent data points, 
																											ݏ௜ ൌ ଵଶටܽଶܿଶ െ ቀ
௔మା௖మି௕మ
ଶ ቁ
ଶ
                       (3.9) 
																																										ܵ௧௔௧௔௟ ൌ ∑ ݏ௜ேିଶ௜ୀ଴                            (3.10) 
where a,b,c are displacements of each three adjacent points (ݔ௜	, ݕ௜	, ݖ௜ ), (ݔ௜ାଵ	, ݕ௜	, ݖ௜ ), 
(ݔ௜	, ݕ௜ାଵ	, ݖ௜) respectively. 
In addition, the oscillation of tip only allows it to impinge the sample surface at the 
lowest point periodically; thus, scanning operates in the attractive force region for most of the 
time but only a short fraction of time in the repulsive region. Therefore, the lateral forces in 
tapping mode are much lower than in the contact mode. This feature makes the tapping mode 
appropriate for soft matter scan without damaging the sample surface such as organic 
molecules. In this work, Bruker Multimode-8 AFM is used to investigate the morphology of 
the most samples.  
 
3.1.5 Ultraviolet/visible absorption spectroscopy  
In general, ultra-violet/visible (UV-Vis) spectroscopy is a technique allowing one to 
access information concerning the absorption and scattering characteristics of a given sample. 
A simplified description involves a sample being placed between a monochromatic light 
source and a photodetector, with the intensity of light beam measured before and after passing 
through the sample. After extraction of the “background” (substrate or cuvette with solvent), 
the extinction spectrum is plotted as a function of wavelength.  
As discussed in chapter 2, for a single molecule, the absorption corresponds to the 
excitation of outer electrons mainly the ߨ െ ߨ∗ transition and	݊ െ ߨ∗ transition. For an 
organic solid, the absorption is the sum of the absorptions of each molecule. Thus, the extent 
and intensity of absorption are both dependent on the molecular electronic structure and the 
number of molecules that absorb light of a given wavelength. This can be described by the 
Beer-Lambert law which states that the transmittance (T) of light through a substance is 
dependent on the extinction coefficiency (ε) of the substance and the distance (L) the light 
travels through the substance as given by  
	T ൌ ூூబ ൌ 10
ିகୡ௅                              (3.11) 
where ܫ଴ is intensity of the incident light, ܫ is intensity of light transmitted through the 
substance, c is concentration of the substance. For a given molecule, α is constant at a 
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specific wavelength and the product εcܮ defined as the absorbance (A), which can be read 
from the spectrum directly, is given as  
		A ൌ െܮ݋݃ܶ ൌ ܮ݋݃ ூబூ                          (3.12) 
 
 
Fig.3.11 Schematic representation of the Beer-Lambert law. The orange ball is light source and the 
orange arrow bars represent the light rays. 
 
 
Fig.3.12 Schematic representation of PerkinElmer lambda 900 spectrometer. Grey lines with arrows in 
front are light beams. The upper purple and dark red balls are deuterium and tungsten-halogen lamp 
respectively. The light is converted to a monochrome source by a filter and monochromator. 
Subsequently the focused monochromatic light is split into two light beams by a common beam 
depolarizer. The two light beams are then recalculated by attenuators to ensure equal light intensity 
output.  
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In principle, the absorption peaks of given molecules in UV-Vis spectrum should be 
sharp as the energies of the electronic transitions are constant. However, common spectra 
show broad peaks rather than sharp peaks. This is due to discrete vibrational energy levels and 
rotational energy levels at each electronic energy level where transitions may also occur.  
Prevalently throughout this work, measurements of absorption were carried out with a 
PerkinElmer lambda 900 spectrometer with the instrument structure is shown in Fig. 3.12. 
The setup is also capable of measuring the absorption of infrared region at a wavelength of 
3000 nm, which allows for the investigation of the polaronic absorption induced by molecular 
doping in polymer. In order to minimize the error due to substrates difference, calibration is 
necessary prior to measure UV-Vis spectroscopy for reference substrate and the sample 
substrate before using. 
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3.2  Materials 
In this section, the materials used to fabricate OPVs and the experimental conditions are 
introduced. Additionally, sample preparation and measurements will be illustrated in detail. 
3.2.1 Organic materials 
Pentacene (PEN) (99%), fullerene (C60) (99.9%) and bathocuproine (BCP) (96%) 
purchased from Sigma-Aldrich were used directly without sublimation. 
[6.6]-phenyl-C61-butyric acid methyl ester (PCBM) was purchased from American Dye 
Source, Inc. Tetrafluorotetracyanoquinodimethane (F4-TCNQ) (൒98%) was purchased from 
Tokyo Chemical Industry co. LTD. Znic phthalocyanine (ZnPc) and diindenoperylene (DIP) 
were twice sublimated. Ploy (3,4-ethylenedioxythiphene):poly(styrenesulfonate) 
(PEDOT:PSS) were purchased from H.C. Stark GmbH&Co. KG. Purified polyfuran was 
provided by Bendikov group (Weizmann institute of science). 
 
a. Organic materials for column structure 
As mentioned in section 3.1.2, the morphology of column structures grown with GLAD 
is also dependent on the properties of organic materials such as the diffusion length and 
crystalline characteristics. In this work, PEN and DIP were chosen and their chemical 
structures are depicted in Fig.3.13 (a) and (b) respectively. 
PEN is one of the most intensively investigated conjugated organic molecules over the 
past several decades due to its importance in organic electronic devices applications. 
Considering high charge carrier mobility for holes and low mobility for electrons, PEN has 
been used as a good donor material for OPVCs.[Salzmann, 2008] Furthermore, singlet fission 
discovered recently in PEN film, which could increase the quantum efficiency significantly, 
makes PEN a much stronger candidate. With appropriate deposition rate, molecular beam 
incident angle and substrate rotation rate, the columnar structure on indium tin oxide (ITO) 
substrate is achievable. [Witten, 1981, Meyer zu Heringdorf, 2001a, Ruiz, 2003a, Ruiz, 2003b, 
Abelmann, 1997b, Zhang, 2007a] 
DIP has drawn great attention since its application on OPVs owing to its advantage of 
having a long exciton diffusion length.[Wagner, 2010, Stübinger, 2001, Dürr, 2002, 
Heinemeyer, 2008a, Kurrle, 2008, Meiss, 2010] Appropriate crystalline structure and stability 
in ambient conditions make DIP a good candidate for fabricating column structures. 
Furthermore, lying phase DIP, which enhances the absorption, has been found in column 
structure layers by x-ray diffraction spectroscopy (XRD). 
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Fig.3.13 Chemical structure of organic materials as donors and acceptors for OPVs; (a) PEN; (b) DIP; 
(c) C60; (d) PCBM. 
 
b. Other functional organic materials 
C60 consisting of 12 pentagons and 20 hexagonsone is one of the most promising n-type 
semiconductors and has been applied widely in the field of organic electronics (Fig.3.13c). 
[Kroto, 1985, Itaka, 2006, Wang, 2006] The PCBM (Fig.3.13d) is one of the most commonly 
used polymers as an acceptor for solution processed OPVs. The solubility of PCBM is 
improved by adding the side group, and to a large extent the electronic properties of 
buckminsterfullerene are preserved. F4-TCNQ (Fig.3.14a) is a strong acceptor small molecule 
that is broadly used for the p-type doping of materials in organic electronics to manipulate the 
energy alignment and improving conductivity.[Gao, 2003, Aziz, 2007, Sun, 2009, Lu, 2013, 
Pingel, 2013] 
 
 
Fig.3.14 Chemical structures of organic materials; (a) F4-TCNQ; (b) ZnPc; (c) polyfuran (one 
monomer); (d) PSS; (f) PEDOT. 
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Polyfuran is a p-type highly conductive conjugated polymer with electrical and optical 
properties similar to P3HT, with the chemical structure shown in Fig.3.14c. However, due to 
the difficulties in their synthesis, it has been the subject of less attention than 
P3HT.[González-Tejera, 2008, Ferron, 2012] ZnPc has been extensively studied as a 
promising semiconductor material for OPVs, exhibiting good absorption in visible region and 
a high value of exciton diffusion length.[Amsalem, 2009, Hong, 2007, Pfuetzner, 2011, 
Senthilarasu, 2007, Zeng, 2010] BCP, in this work, is treated as exciton-blocking layer 
between acceptor and cathode, as well as a protection layer preventing damage due to metal 
evaporation.[Chan, 2006, Lo, 2010, Vogel, 2006a, Gommans] 
 
3.2.2 Holes transport material 
In the field of OPVCs, PEDOT:PSS is one of the most commonly used holes transport 
materials that is transparent and highly conductive, and it consists of PEDOT and PSS in 
various ratios. The chemical structures are shown in Fig.3.14 (d) and (f). [Drury, Halik, 2002, 
Groenendaal, 2000, Kirchmeyer, 2005] This highly conductive polymer is neutral since the 
positive charges on PEDOT are stabilized by negative charges on PSS and the conductivity 
can be tuned by employing various ratios of PEDOT in the mixture, ranging from 10-5 S/cm 
to over 100 S/cm. Although PEDOT is hydrophobic, the PEDOT:PSS can form agglomerates 
in aqueous dispersion, assisted by dressing hydrophilic PSS.[Jukes, 2004, Greczynski, 1999]  
PEDOT:PSS thin film can be easily prepared by spin coating under ambient conditions, 
with the thickness controllable. The value of work function (߶) of PEDOT:PSS film is 
significantly impacted by water contamination, thus in order to obtain high ߶ for reducing 
injection barrier, an annealing process is necessary to remove the residual water before 
fabricating devices.[Koch, 2007c] 
In this work, three types of PEDOT:PSS were used: CH8000 (weight ratio is 1:20), 
AI4803 (weight ratio is 1:6) and HIL1.3 (fluorinated derivative of the stand PEDOT:PSS) 
respectively. [Wilke, 2013] 
 
3.2.3 Electrodes and substrates for OPVCs 
In this work, glass substrates with patterned ITO (purchased from Thin film Devices Inc. 
and Präzisions Glas & Optik GmbH) were used for OPVs fabrication and ITO was treated as 
the bottom anode with a sheet resistance of 20 Ω/sq. The average thickness of ITO layer is 
about 120 nm and the roughness is approximately 2 nm. For absorption measurement, quartz 
glass (Präzisions Glas & Optik GmbH) substrates were sometimes used instead of ITO to 
reduce the influence of light scattering. The pre-cleaning procedure of all the substrates is as 
follows. First the substrates were scrubbed with diluted Hellmanex solution, then rinsed with 
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deionized water and blown dry with N2 gas. Next they were sonicated for 10 min in acetone 
and isopropanol respectively and then blown dry again. In the application of OPVs, prior to 
use, Ultraviolet-ozone (UV-ozone) treatment for more than 30 minutes was applied to 
improve the wetting of the substrate by an aqueous suspension of the intrinsically conducting 
polymer PEDOT:PSS.[Destruel, 2006, Lo, 2013] Moreover, the ozone treatment can also 
affect ITO surface work function by increasing the oxygen concentration on top of the 
surface.[Sugiyama, 2000, Destruel, 2006] The prototypical morphology of an ITO surface is 
presented in Fig. 3.15 with the average rms for all ITO substrate being approximately 2 nm. 
Additionally the ITO substrates were pre-patterned with pure HCl etching to define the device 
active area. 
The top electrode (cathode) used for some devices is samarium (Sm) exhibiting a 
relatively low work function of approximately 2.8 eV and was investigated in ultra-high 
vacuum condition (൏ 10ିଽ	mbar) with UPS.[Koch, 2002] The low work function is to some 
extent sufficient for charge collection in OPVCs and results from high energy offset between 
the cathode and anode leading to a high extraction electrical field. However, a crucial issue 
with using Sm as the top electrode is that Sm is sensitive to oxygen and can very easily be 
oxidized. Therefore, the J-V characteristics of the devices with Sm were measured in an inner 
environment (high vacuum or glovebox).  
Alternatively, a widely used top electrode material is aluminum (Al) with a work 
function about 4.1 eV.[Koch, 2000] However if using Al as the cathode of OPVCs electron 
blocking layer or protection layer is needed due to the issues of exciton quenching occurring 
at the organic/Al interface with Al atoms diffusion taking place during deposition. [Vogel, 
2006a, Gommans, 2008, Wagner, 2012] 
 
 
Fig.3.15 The typical morphology of ITO and PEDOT:PSS substrates investigated by AFM. The value 
of rms are 4 nm and 1 nm respectively. 
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Chapter 4 
Results and discussion 
This chapter is divided into three sections based on the materials and methods employed 
to fabricate OPVCs. The first section will focus on presenting vertically aligned pentacene 
nanocolumn architecture grown by GLAD and its application in OPVCs. The second section 
will illustrate the experimental and measurement results of DIP column structure on different 
substrates and their application in OPVCs. Compared to bilayer heterojunction devices, the 
performance of OPVCs utilizing nanocolumn structure improved owing to interface area 
enlargement and enhanced absorption by effectively using a thick organic film. The last 
section will demonstrate the process of molecular doping in polymer film with F4-TCNQ 
employed as the dopant. The results of molecular doping in OPVCs are then introduced. 
4.1 Pentacene nanocolumn and application in 
OPVCs 
4.1.1 Introduction 
OPVCs have been extensively studied since the first study of bi-layer donor/acceptor 
heterojunction devices.[Tang, 1986] Significant improvement in power conversion efficiency 
was achieved through the production of bulk heterojunctions (BHJ) from solution processed 
conjugated polymer/fullerene mixtures. The BHJ morphology enables large interface areas 
between donor and acceptor material that facilitates efficient exciton dissociation.[Yu, 1995, 
Halls, 1995, Peumans, 2003a] At the same time, if the donor/acceptor phase separation length 
scale is on the order of the exciton diffusion length, losses due to excition recombination can 
be minimized.[Peumans, 2003a, Halls, 1995, Yu, 1995] However, in such random blends 
charge carrier mobility may be low, charge trapping at morphological bottlenecks can quench 
excitons, and dead-ends in the conduction pathway may build up unwanted space charge. 
Hence, a vertically interdigitated array of densely packed alternating donor and acceptor 
columns with a diameter in the range of the exciton diffusion length sandwiched between the 
electrodes could eliminate above problems and thus maximize OPVC efficiency.[Yang, 2005, 
Zheng, 2009a]  A suitable lithography-free method to fabricate such organic vertically 
aligned nano-columnar structures is GLAD, which is a physical vapor deposition technique 
that exploits self-shadowing effects during island growth.[Hrudey, 2006b, Zhang, 2007b] In 
GLAD, a molecular beam is directed under a glancing angle () onto the substrate, which 
simultaneously rotates about its surface normal. This results in the growth of vertical 
columnar structures, whose morphology can be controlled by variation of  and substrate 
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rotation rate (), as well as the substrate surface energy, morphology, and 
temperature.[Abelmann, 1997a, Zhao, 2002, Robbie, 1997] 
In this section the growth of vertically aligned crystalline nanocolumn arrays (NCAs) of 
PEN by GLAD is examined and their beneficial effects for OPVCs compared to devices with 
PEN donor layers grown by conventional (normal incidence) molecular beam deposition. The 
interdigitated donor/acceptor active layer was produced by filling the void volume around the 
PEN nanocolumns with the acceptor PCBM from solution, since evaporation of the acceptor 
would likely lead to holes due to shadowing of the molecular beam. Further device 
performance improvement was achieved by inserting a thin PEN electron-blocking layer prior 
to NCA growth to prevent electron current leakage to the anode. Lastly, the possibility of 
depositing C60 as acceptor on PEN nanocolumns for interdigitated bulk heterojunction is 
investigated. 
 
4.1.2 PEN nanocolumn  
The formation of nanocolumns is caused by the shadowing effect of molecular islands 
with respect to the incoming material flux, aggravated by the large oblique incident deposition 
angle. During deposition a large fraction of the flux is captured by taller grains that continue 
growing at the expense of their dying neighbors. As discussed in chapter 3, the morphology of 
column structure is determined by several parameters, such as incident angle (), substrate 
rotation rate ω and the features of substrate, as well as features of the materials. In this work, 
the influence of each individual parameter on column structure with PEN is investigated. 
Figures 4.1.1b-d show representative topography and cross-section micrographs of PEN 
columnar structures grown by GLAD on ITO. Compared with the typical flat and 
homogeneous morphology of vertically deposited PEN thin films on ITO, displayed in Fig. 
4.1.1a, almost square shaped crystalline PEN nanocolumns with large gaps between them 
persist after GLAD deposition. The polycrystalline structure of PEN nanocolumns, which is 
important towards obtaining high charge carrier mobility for a low solar cell series resistance, 
has been demonstrated earlier by Zhang et al.[Zhang, 2007b] As expected, due to the incident 
angle, there were two polymorph observed on ITO. The diameter of the columns in the 
samples used for fabricating OPVCs later is predominantly in the range of 120 nm to 180 nm 
and the column area-density is approximately 3×107 mm-2. The cross-section view (Figs. 
4.1.1c-d) reveals that the height of the individual columns is rather uniform, about 210 nm, 
except for a few higher protrusions. There are always small gaps between the columns, even 
for locally high area-densities. 
The results of PEN column presented above using of 85°, ω of 6 revolutions per 
minute (rpm) and a deposition rate of ca. 1 Å/s on bare ITO likewise are depicted in Fig4.1.2b. 
When the incident angle was changed to 80° while keeping the other parameters constant, the 
density of the column increased as a result of rather weak shadow effect as illustrated in 
Fig.4.1.2a. The “column” density fabricated with 80° incident angle is much larger than that 
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using an 85° incident angle, corresponding to valleys of lower volume, and thus agreeing with 
the assumption of a relationship between column intensity and incident angle as discussed in 
section 3.1.2. 
In figures 4.1.3(c) and (d), the influence of the substrates with different morphology on 
column formation is presented. The two substrates were amounted into the chamber at the 
same time for the PEN deposition to make sure using the same deposition parameters. In 
contrast to column structure on ITO substrate (Fig.4.1.3c), PEN film on PEDOT：PSS coated 
ITO substrate exhibits rather different morphology. No prototypical column features can be 
observed but the features are similar to PEN thin film prepared with vertically deposition on 
PEDOT:PSS (see Fig.4.1.3b). The absence of column structure on PEDOT:PSS is related to 
the large diffusion length of PEN molecules on smooth surfaces during vacuum deposition. 
As can been seen from figures 4.1.3 (a) and (b), in comparison to PEN film vertically 
deposited on ITO (a) and PEDOT:PSS (b), the average island size on PEDOT:PSS is much 
larger than that on ITO due to the extended diffusion length on smoother surfaces. There are 
many studies of PEN molecules growth on silicon oxide surface where the roughness is 
similar to PEDOT:PSS, approximately rms of 0.2 nm, which demonstrates a PEN molecular 
diffusion length in the range of micrometers.[Heringdorf, 2001, Abelmann, 1997b, Ruiz, 
2003a, Ruiz, 2003b] In GLAD, the extended diffusion length on PEDOT:PSS enlarges the 
initial island growth size as for vertical deposition leading to a weakening of the shadow 
effect at the onset of growth core formation. Therefore, there is no PEN columnar structure 
growing on PEDOT:PSS coated ITO substrate. 
  
 
Fig. 4.1.1 SEM micrographs of PEN films on ITO. a) Top view of vertically deposited pentacene. b) 
Top view of a GLAD pentacene nanocolumn array (NCA). c) and d) Cross-section views of a GLAD 
pentacene NCA. 
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Fig.4.1.2 SEM micrographs of PEN film on ITO. a) Top view of the sample fabricated with incident 
angle of 80°. b) Top view of the sample fabricated with incident angle of 85°. 
 
 
Fig.4.1.3 AFM micrographs of PEN film/columns on ITO and PEDOT:PSS coated ITO. a) Vertically 
deposited on ITO. b) Vertically deposited on PEDOT:PSS coated ITO. c) GLAD on ITO. d) GLAD on 
PEDOT:PSS coated ITO. Vertically deposition rate is 0.02 nm/s. GLAD parameters: 
rpm and deposition rate: 0.1 nm/s. The height scale for all figures is 100 nm. 
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4.1.3 Analysis of OPVCs  
a. Solution processing for electron acceptor 
The interpenetrating donor-acceptor structure was obtained by PCBM solution spin coating 
onto the PEN nanocolumn arrays. As shown in Fig. 4.1.4a, spin coating with low 
concentration PCBM solution (18 mg/ml in chlorobenzene) left the underlying PEN 
nanocolumns still clearly visible. Although such a highly corrugated surface easily leads to 
electrical shorts,[Seungkeun, 2009, Reddy, 2009, Vogel, 2006b] the observation implies that 
PEN nanocolumns still stand vertically on the ITO substrate and are not impeded by PCBM 
spin coating. In addition, PCBM infiltration into gaps between nanocolumns occurred as 
shown in Fig. 4.1.4b. With a higher concentration PCBM solution (28 mg/ml), a rather 
smooth surface was obtained and the gaps were filled adequately by PCBM (see Figs. 4.1.4 
c-d). Firstly, the OPVCs based on PEN/PCBM interdigitated heterojunction were prepared on 
bare ITO substrate, transferred to UHV chamber via ambient condition and completed with 
Sm deposition as the top electrode. However, all devices were “dead”, displaying short 
circuits. This might be induced by the current short-pass formed by infiltrated PCBM 
contacting both electrodes. Unsurprisingly, the reference devices prepared under the same 
conditions employing bilayer structure with PEN/PCBM were also “dead” unless 
PEDOT:PSS was applied before PEN deposition. 
 
 
Fig.4.1.4 SEM micrographs of PCBM solution deposited onto pentacene NCAs. a) and b) Top and 
cross-section views of low concentration(18 mg/ml) PCBM solution. (c) and (d) Top and cross-section 
views of high concentration(28 mg/ml) PCBM solution. 
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Fig.4.1.5 Morphology of PEN on ITO (a) and PEDOT:PSS (b) investigated by AFM. 
 
 
Fig. 4.1.6 Structures of the investigated OPVCs. a) Planar bi-layer structure. b) PNC (pentacene 
nanocolumn) structure. c) PEBL (pentacene electron-blocking layer) combined with PNC.  
 
Figure 4.1.5 presents the morphology of PEN on ITO and PEDOT:PSS substrate 
respectively. Obviously, the PEN island size on PEDOT:PSS substrate is much larger than 
that on ITO, meaning that there are less PEN crystalline boundaries on sample b. This is 
beneficial for effectively reducing the possibility of having a current short. However, as 
presented previously, it is impossible to fabricate PEN nanocolumns on PEDOT:PSS substrate. 
Therefore another electrode interface was considered where BCP was deposited as a blocking 
layer before evaporating Sm in order to prevent the two electrodes contacting with PCBM 
directly. As predicted, the development of current short-pass was efficiently prevented by the 
inserted-BCP between PCBM and Sm. In addition BCP with wide optical energy gap (3.5 eV 
[Peumans, 2000]) was used as an exciton-blocking layer. Although BCP introduces the 
problem of crystallization, it remains a good candidate to act as protection-layer for the active 
the donor/acceptor layer during metal deposition. (In this work, all metal evaporation were 
finished in 30 minutes after BCP deposition, avoiding the crystalline issue reported 
[Masumoto, 2008]) 
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Fig. 4.1.7 Current density-voltage characteristics of NC heterojunction and improved devices compared 
with bi-layer heterojunction devices at the same illumination density. Squares with the black line show 
the characteristics of all three devices in dark. 
 
 
Fig. 4.1.8 Current density-voltage characteristics in dark for the three device structures. 
 
Tab. 4.1 Characteristic performance parameters of OPVCs. Open circuit voltage (Voc), short circuit 
current (Jsc), fill factor (FF). 
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Fig. 4.1.9 Top and cross-section view of pentacene nanocolumn array grown on a 10 nm thick PEBL. 
 
The structure of all investigated OPVC variants are shown in Fig. 4.1.6. For comparison 
with OPVCs that have PEN nanocolumns, an optimized bi-layer planar heterojunction OPVC 
employing ITO/PEDOT:PSS/50nm PEN/30nm PCBM/8nm BCP/100nm Sm (structure A) 
was fabricated at room temperature, as suggested in [Reddy, 2009]. Interdigitated OPVC 
fabrication was done by BCP and cathode (Sm) deposition in high vacuum (structure B). The 
current density-voltage characteristics of interdigitated OPVCs and reference bi-layer cells 
are shown in Fig. 4.1.7 with the characteristic parameters summarized in Tab. 4.1. The 
open-circuit voltage (Voc) of all cells is virtually the same, i.e., 0.5 V. However, the short 
circuit current density (Jsc) of interdigitated cells with structure B has more than doubled 
compared to that of the reference bi-layer cell under the same illumination condition. The fill 
factor (FF) of the cell with structure has slightly increased from 0.48 to 0.51. The improved 
performance of interdigitated cells is attributed to the increased active interface area due to 
the PEN nanocolumns. From the SEM images a ca. threefold increased interface area with 
nanocolumns is estimated, which in principle could lead to threefold increase Jsc threefold if 
there are no other factors impacting device performance. Since Jsc in structure B OPVCs was 
only doubled compared to structure A, we expect additional effects to play a role. Considering 
the characteristics of devices in the dark, shown on a logarithmic scale in Fig. 4.1.8, a much 
lower specific shunt resistivity of structure B devices was obtained (approx. 0.02 MΩ cm2) 
compared to that of structure A devices (approx. 2.86 MΩ cm2).[Sze, 2007] The low shunt 
resistance could be due to current leakage paths produced by the infiltration of the PCBM 
acceptor phase to the bottom electrode, which does not occur in the planar bi-layer reference 
device. 
To eliminate the problem of leakage paths, a 10nm thick PEN film was deposited on ITO 
before growing PEN nanocolumns as an electron-blocking layer, shown as structure C in Fig. 
4.1.6 (c). As seen from Fig. 4.1.9, there is no marked difference of pentacene nanocolumns 
compared to those in Fig. 4.1.1 except for the thin PEN electron-blocking layer. A remarkable 
increase in Jsc resulted (see Fig. 4.1.7 and Tab. 1), owing to the increased shunt resistivity 
(approx. 1 MΩ cm2), as shown in Fig. 4.1.8. Hence, the influence of current leakage paths is 
reduced but not entirely eliminated. Employing a heavily p-doped thin film was suggested as 
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electron-blocking layer that might be helpful to further improve device performance. 
Nevertheless, the characteristics of interdigitated OPVCs employing PEN nanocolumns were 
improved significantly by utilizing the thin electron-blocking layer. The Jsc improvement now 
reached more than 90% of the expected threefold increase due to increased active interface 
area. However power conversion efficiency values under standard illumination conditions 
(due to the experimental setup in vacuum) cannot be provided. Devices with structure C 
(interdigitated) are estimated to have an efficiency of ca. 4%, as opposed to only ca. 1.5% for 
those with structure A (planar), at 2.5 mW/cm2 illumination from a halogen lamp with an 
emission spectrum close to daylight in the visible region. 
 
b. Vacuum deposition for electron acceptor 
On the other hand, attempts were made to build the donor-acceptor heterojunction by 
depositing C60 (deposition rate: 0.2 nm/s) on top of PEN nanocolumns in vacuum (3.5 ൈ
10ି଻	mbar). However, due to the narrow “tunnels” (gaps), it was easier for evaporated C60 
molecules to be deposited on the wall of the tunnels than passing the tunnel and be deposited 
on the bottom of the tunnels. Thus, this led to unfilled holes underneath as indicated in 
Fig.4.1.10a. The unfilled holes are huge defects that significantly reduce the PCE of OPVCs. 
Afterwards, the vacuum level was reduced to 3.5 ൈ 10ିଷ	mbar by venting the chamber with 
argon gas in an attempt to shorten the evaporated molecules free pathway to allow the 
evaporated molecules to move randomly. To some extent, this method was helpful for C60 
molecules passing through the “tunnels”, but unfilled holes still existed. In any case, devices 
were fabricated based on the heterojunction of PEN nanocolumns/C60, and the performance 
was poor as predicted. In particular the Jsc was very low as shown in Fig.4.1.10b.[Salzmann, 
2008] Thus, vacuum depositing electron acceptor molecules to fabricate interdigitated 
heterojunction is not suitable for such high intensity columnar structure. Large volume valley 
is necessary for evaporated molecules passing the “tunnel”. 
 
 
Fig.4.1.10 (a) Evaporation of C60 on top of PEN columns in vacuum. (b) Performance of OPCVs 
under illumination 2.5 mW/cm2 in vacuum, device structure ITO/PEN column/C60/BCP/Sm. 
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4.1.4 Summary 
In conclusion, the morphology of pentacene nanocolumns grown by GLAD has been 
investigated with SEM and AFM, through variation of the experimental conditions. Final 
vertically aligned crystalline pentacene nanocolumns with a diameter of ~ 160 nm were 
achieved. Qualitative analysis of the influence of substrate morphology and incident angle on 
PEN nanocolumn architecture has been presented. Interdigitated OPVCs structures were 
achieved by spin-coating PCBM onto the optimized pentacene nanocolumns, which led to a 
threefold increase of active donor/acceptor interface area as compared to planar bi-layer 
structures. By employing an additional planar thin pentacene electron-blocking layer, Jsc was 
increased from 0.17 mA cm-2 to 0.47 mA cm-2, thus attributing over 90% of the expected 
increase to the larger interface area. The remarkable conversion efficiency of OPVCs based 
on NC structures proves that it is an effective architecture towards eliminating charge 
transport and exciton diffusion bottlenecks while maximizing the interface area. Other 
materials as donors and/or acceptors employed in similar structures will most likely lead to 
significant further improvements in OPVCs performance in the future. In addition, attempts to 
fabricate the OPVCs with vacuum deposition of electron acceptor C60 were made. 
Unfortunately, the performance of OPVCs was not satisfactory due to the large amount of 
defects induced by appearance of unfilled hole after vacuum deposition. 
 
4.1.5 Experimental details 
ITO coated glass substrates (Präzisions Glas & Optik, sheet resistance < 20 Ω/sq, surface 
roughness (rms): 2 nm) were sonicated for 10 min in acetone and, subsequently, isopropanol. 
After cleanness, ITO coated substrates were patterned by etching processing (36.5% HCl 
solution), leaving two parallel strips ITO (1 mm width) on glass, and the pattern ITO 
substrates were cleaned once more as description before.   
 
 
Fig.4.1.11 The bottom cyan box is denoted as glass substrate；the light blue squares are denoted as ITO.  
 
UV-ozone-treatment was applied to improve the wetting of the substrate by an aqueous 
suspension of the intrinsically conducting polymer poly(ethylene-dioxythiophene): poly- 
-(styrenesulfonate) (PEDOT:PSS) (H.C. Starck GmbH, CH8000), employed as substrate for 
OPVCs. PEDOT:PSS was spin-coated and subsequently annealed at 200Ԩ for 5 min under 
                                                            Chapter 4 Results and discussion 
68 
 
ambient conditions to desorb residual water. PEN was deposited by GLAD on glass substrates 
coated with 20Ω/square ITO (patterned) in a high vacuum chamber (base pressure ~3×10-7 
mbar). A computer-controlled stepper motor was used to facilitate sample rotation about the 
substrate surface normal. The molecular flux incidence angle α and the substrate rotation rate 
ω were set between 60° to 85° and 3 or 6 rounds per minute, respectively during nanocolumn 
growth for device fabrication. The distance between the center of the substrate and the 
evaporation source was 15 cm, and the deposition rate at the substrate was ca. 1 Å/s, as 
monitored by a quartz-crystal microbalance which vertically faced the evaporation source. 
The nominal thickness recorded by microbalance was corrected according the profiles of 
AFM and SEM investigation. 
OPVCs were fabricated by spin-coating PCBM dissolved in chlorobenzene (28 mg/ml) 
onto the NCAs at 25 rounds per second in a nitrogen glove box. The pentacene/PCBM 
interdigitated structures were subsequently annealed at 85℃ for 20 min to remove residual 
solvent and to facilitate improved PCBM infiltration into the voids between the PEN 
nanocolumns. An 8 nm thick exciton-blocking layer of BCP was deposited onto the structure 
before a 100 nm thick Sm cathode was evaporated in high vacuum (base pressure ~8×10-8 
mbar). The Sm evaporation was carried with a mask as shown in Fig.4.1.12 and the exact size 
of devices was determined by the crossing area of the bottom ITO substrate and the top Sm, in 
most cases it was 1 mm2.  The current density-voltage characteristics in dark and under 
illumination (2.5 mW/cm2, Solux C6 halogen lamp) were measured in vacuum (2×10-8 mbar) 
with a Keithley 2400 SourceMeter® as shown in Figure 4.1.13, and the sample morphology 
was investigated with a HITACHI S-4100 field-emission SEM, after sputter-coating the 
samples with a thin conductive Au layer. 
 
 
Fig.4.1.12 Left is the shape of mask used for top Sm evaporation; the white zones on the mask are 
empty where Sm atoms can penetrate through and reach to the top of samples. Right image is 
topography of one device investigated by SEM; the yellow-dash-line square denotes the crossing area 
of bottom ITO and perpendicular top Sm, the size of an active OPVC. 
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Fig.4.1.13 J-V measurement system. Inner of blue frame denotes in vacuum. The sample facing front is 
put on a frame holder which also contacts with sample’s bottom electrode. The front electrode rod 
approaches to the sample as the top contact. Keithley is used to control applied bias to devices. 
Samples are illuminated by the lamp through chamber’s window. 
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4.2  DIP nanocolumn and application in OPVCs 
4.2.1 Introduction 
Since the initial application of “sandwich” structure in organic photovoltaic cells 
(OPVCs) in the 1970s’, [Tang, 1975, Ghosh, 1973] the power conversion efficiency of 
OPVCs significantly increased only after introducing the donor/acceptor heterojunction 
concept,[Tang, 1986] where layers of preferentially hole/electron conducting materials with 
an interface promoting exciton dissociation are employed. Today, high open circuit voltage 
( ௢ܸ௖ ) and optimized light harvesting can be realized with a wide variety of organic 
semiconductors suitable for application in OPVCs.[Svensson, 2003, Kietzke, 2006, Zhang, 
2006, Bailey-Salzman, 2007, Riede, 2008, Bijleveld, 2010, Wagner, 2012, Dou, 2013, 
Hörmann, 2011b, Wagner, 2010] However, the short diffusion length of photo-generated 
excitons in such materials (typically in the range of tens of nanometers[Stübinger, 2001, 
Kurrle, 2008]) significantly limits the fraction of excitons dissociated at the donor/acceptor 
interface, thus restricting the generation of mobile charges. To reconcile the exciton diffusion 
length with the average dimensions of organic heterojunctions, the concept of bulk 
heterojunction was introduced, which allows increasing the effective area of the 
donor/acceptor interface and, simultaneously, reducing the separation between individual 
donor and acceptor volumes.[Yu, 1995, Halls, 1995, Peumans, 2003a] While this approach 
turned out to be highly successful for polymer-based OPVCs processed from solution [Ma, 
2005] and molecular blend structure OPVCs typically from vacuum co-deposition[Wagner, 
2012, Gruber, 2013, Xiao, 2013], low charge-carrier mobility, exciton quenching, and 
morphological issues like dead-ends in the conduction pathway (i.e., individual, isolated 
phase grains without connection to the respective electrode) still limit the desired efficiency 
improvement of this approach [Salzmann, 2008, Opitz, 2010a, Gruber, 2012]. Idealized 
structures to overcome these limitations are bulk heterojunction OPVCs comprising a 
crystalline, vertically interdigitated, and laterally structured configuration of separate 
donor/acceptor phases, with the aim to enable generated excitons to most likely reach an 
interface and the separated charges to be efficiently collected by the electrodes through 
individual donor/acceptor zones.[Yang, 2004, Koch, 2007a] As demonstrated in previous 
studies, a preparation technique highly promising for realizing such structures is glancing 
angle deposition (GLAD), [Robbie, 1996, Robbie, 1997, Van Dijken, Zhou] as schematically 
illustrated in Fig. 4.2.1, where high aspect-ratio nanocolumns (NCs) are established through 
shadowing effects.[Zheng, 2009b, Yang, 2004, Yu, 2011, Koch, 2007a] 
Here, OPVCs based on a conventional bilayer heterojunction of a donor/acceptor pair are 
compared to devices with interdigitated heterojunctions comprising NC arrays. 
Diindenoperylene (DIP) was chosen as the donor material to establish NC arrays via GLAD 
as it is an emerging material for OPVCs [Wagner, 2010]. To accomplish the interdigitated 
donor/acceptor heterojunction, fullerene (C60) was employed as the acceptor material by 
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subsequent (vertical) physical vapor deposition in order to fill the voids between the NCs, as 
schematically illustrated in Fig. 4.2.10 (columnar). The performance of NC-based devices is 
shown to be significantly improved in comparison to the bilayer reference OPVCs, which can 
be related to the increase in active interface area and enhanced absorption of the NC arrays, as 
well as reducing the influence of the “trade-off” between getting high light absorption with 
thick C60 film and obtaining good exciton dissociation efficiency, which requires a film 
thickness close to excitons diffusion length. 
 
4.2.2 DIP nanocolumn 
a. Morphology 
The formation of individual NCs upon GLAD is due to limited adsorbate diffusion, 
shadowing effects of the collimated molecular flux under oblique angle (α ൐ 70°), and 
continuous rotation of the substrate (c.f. Fig. 4.2.1), which leads to a large fraction of the 
incoming flux being captured by larger grains that, therefore, preferentially grow.[Robbie, 
1997, Yu, 2011, Zhang, 2007a, Abelmann, 1997a, Zhao, 2002] Fig. 4.2.2 illustrates the 
representative topography and cross section of conventional vertically deposited DIP films 
and GLAD deposited DIP nanocolumn on bare ITO. The vertically deposited film on bare 
ITO (Fig. 2.2a-b) shows a morphology of (terraced) islands as expected for DIP.[Turak, 2011, 
Dürr, 2002] In contrast, with GLAD a highly corrugated morphology of polygon-shaped 
nanocolumns reaching down to the ITO substrate is apparent (Fig. 4.2.2c-d). As a result, the 
surface roughness (root-mean-square-rms: 9.2 nm) increases by more than a factor of two 
(rms: 22.4 nm) through GLAD, and the bottom radius of the NCs is in the range 60 and 80 nm 
(c.f. Fig. 4.2.2a-b). This is well within the range of the reported exciton diffusion length of 
crystalline DIP between 20 and 100 nm [Kurrle, 2008, Lunt]. To enhance the shadow effect, a 
10 nm thick DIP film was vertically deposited on the substrates prior to GLAD to increase the 
substrate roughness as shown in Fig.4.2.3. Besides increasing the surface roughness, the 
underneath DIP thin film also acts as an electron blocking layer, in analogy to a procedure 
introduced in a previous study on pentacene NCs[Yu, 2011]. After obtaining such DIP 
nanocolumn structures, attempts were made to fabricate OPVCs, employing C60 and PCBM 
as electron acceptor. However, all devices showed short circuit without diode properties. Even 
for bilayer heterojunction with 50 nm DIP film and 50 nm C60 film, diode properties could 
only be observed when using PEDOT:PSS as the hole transport layer. Therefore, the 
possibility of growing DIP columns on PEDOT:PSS was explored.  
Figures 4.2.4 (a-b) shows the morphology of DIP nanocolumns grown by GLAD on 
PEDOT:PSS coated ITO substrate. Unlike DIP-NCs on bare ITO, DIP-NCs on the 
PEDOT:PSS exhibited some connectivity and had a broader distribution of diameters, which 
is a direct result of the increased molecular diffusibility on the smoother surface. (PEN 
columnar structure could not be obtained on polymer coated ITO substrates. For further 
details see section 4.1) As previously, a 10 nm thick DIP film was vertically deposited on the 
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substrates prior to GLAD to increase the substrate roughness. With this approach, the 
homogeneity of the NCs on the bare ITO substrate was significantly improved (Fig. 4.2.4c) 
and essentially monodisperse columns were formed with mean lateral and vertical extensions 
of 65 nm (radius) and 120 nm respectively. For the PEDOT:PSS covered ITO substrates, the 
same trend was essentially observed with the void area between the NCs approximately 
doubling in size (Fig. 4.2.4d). In Fig.4.2.5, PEDOT:PSS layer can be observed since the 
sample was not covered by gold, which is commonly sputtered onto the organic film prior to 
SEM measurement to avoid charging and increase resolution. 
 
 
Fig.4.2.1 Experimental geometry of GLAD; α is the angle of the molecular flux with respect to the 
sample normal and ω the substrate rotation frequency measured in rpm. 
 
 
Fig. 4.2.2 SEM micrographs (top and cross-section view) of DIP thin film and nanocolumns on bare 
ITO substrates. 
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Fig.4.2.3. SEM micrographs (top and cross-section view) of 100 nm DIP nanocolumns on 10 nm thick 
DIP film coated ITO. 
 
Fig. 4.2.4. SEM micrographs (top and cross-section view) of DIP thin film and nanocolumns. (a-b) 
100nm DIP nanocolumns on PEDOT:PSS; (c-d)100nm DIP nanocolumns on 10 nm thick DIP film 
coated PEDOT:PSS. 
 
Fig.4.2.5 SEM micrographs (cross-section) of DIP nanocolumns on PEDOT:PSS (HIL1.3) without Au 
coating. 
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Fig.4.2.6 SEM micrographs of the planar C60/DIP heterojunction (a-b), and the C60/DIP-NC 
heterojunction (c-d), in top view (left) and cross section view (right); average DIP NC height was 
determined from a sample not coated with C60, but otherwise prepared identically. 
 
Fig.4.2.7 AFM micrographs of (a) a vertically deposited DIP/PEDOT:PSS film and (b) 
DIP-NCs/PEDOT:PSS (SEM c.f. Fig. 4.2.4d). 
 
Finally, the donor/acceptor heterostructures were completed by vertical vacuum 
deposition of nominally 75 nm C60 on both the vertically deposited DIP film (denoted as 
planar in the following) and the DIP-NC/DIP (columnar in the following) (see Fig. 4.2.4c-d). 
The topography and the respective cross section micrographs (obtained by SEM) are shown in 
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Fig. 4.2.6a-d. The comparison with the DIP-only samples reveals that fullerene molecules 
completely cover the vertically deposited DIP layer (Fig. 4.2.6a-b) and also fully penetrate 
into the voids between the NCs (Fig. 4.2.6c-d). For the NCs, this is clearly seen in Fig. 4.2.6d 
from the absence of a clear-cut DIP/C60 interface, which is, in contrast, clearly observed in 
the cross section view of the bilayer structure (Fig. 4.2.6b). Finally, the AFM micrographs 
shown in Fig. 4.2.7 were used to determine the surface-area enlargement factor (ξ) of the 
films, which increases from ξ = 1.068 for planar film to ξ = 1.288 for NC structures made by 
GLAD. It should be noted that this value represents a lower limit for ξ due to the finite 
curvature of the AFM tip. 
b. Structure  
To assess the microstructure of the samples, grazing-incidence X-ray diffraction 
(GIXRD) and specular X-ray diffraction (XRD) are performed Fig.4.2.8a shows GIXRD 
in-plane data of C60 on vertically deposited DIP (black curve) compared to C60 on DIP-NCs 
(red curve) and two reference scans on DIP-NCs (blue curve) and pristine C60 (black curve), 
all deposited on ITO (c.f. Fig. 4.2.2 for respective SEM data). In all cases, DIP is found to 
grow crystalline in two different polymorphs with the dominant one denoted as B (“bulk 
phase”) and the minor one as B’ in the following. In the corresponding specular XRD scans 
(Fig.4.2.9) only one peak series is observed with a (001)-lattice spacing of 1.665 nm, which is 
indicative of an almost upright-standing molecular orientation. Via the corresponding 
reciprocal space maps (Fig.4.2.9), both observed polymorphs B and B’ are shown to be 
significantly different from known crystal structures, that is single-crystal and thin-film 
phases [Heinrich, 2007, Lunt, 2009, Dürr, 2002, Kowarik, 2009, Dürr, 2003]. An 
unambiguous determination of the unit-cell parameters is impossible in the present case as the 
diffraction intensities are smeared out along rings in the reciprocal space maps. However, 
combining the GIXRD and specular XRD results, in analogy with known DIP crystal 
structures [Heinrich, 2007, Turak, 2011], a monoclinic space-group with a monoclinic angle 
of β = 92.4° is assumed. While the in-plane reflections in the q||-range between 1-2 Å-1 due to 
DIP molecules in upright orientation are present in all DIP samples, both samples comprising 
DIP-NCs show increased (001)- reflection also in GIXRD. This observation is indicative of 
additional crystalline grains in a “lying” molecular orientation. Therefore, the vertically 
deposited film can be regarded as fiber-textured (“2D-powder”) in that DIP-NCs show a more 
“3D-powder like” crystalline property. This can be best observed in the full reciprocal space 
maps (Fig.4.2.9) where the DIP related peaks of the NC samples are smeared out significantly 
more than those of the vertically deposited film. In contrast to DIP on the smooth substrates 
like SiOx,[Kowarik, 2006] such rings are also observed for vertically deposited DIP on ITO, 
which is attributed to the higher surface roughness of this substrate that increases the 
mosaicity of the adsorbate. 
                                                                             
1. GIXRD, XRD measurements and data analysis were led by Dr. Ingo Salzmann.   
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Fig.4.2.9 Specular X-ray diffraction (XRD) and grazing-incidence X-ray diffraction (GIXRD) data of 
the investigated DIP films on bare ITO substrates: (a) XRD data of 60 nm C60 on 90 nm vertically 
deposited DIP [GIXRD: (e)], 100 nm C60 on nominally 160 nm thick DIP nanocolumns (DIP-NCs) 
established by glancing-angle deposition (GLAD) [GIXRD: (f)], as well as pure reference films of 
160 nm DIP-NCs [GIXRD: (d)] and 20 nm C60; peaks labelled with B and B’ relate to the polymorphs 
discussed in the text. (b) Indexation of the reflections observed in GIXRD (c-f) from the q|| positions, 
the unit-cell parameters of the DIP polymorphs can be estimated. 
 
Finally, the C60 top-layer is found to grow crystalline on both types of DIP underlayers, in 
line with previous findings for C60/DIP/SiOx or C60/PEN.[Hinderhofer, 2012a, Salzmann, 
2008] 
Both for vertically deposited DIP and the DIP-NCs, a similar growth behavior is found 
on PEDOT:PSS coated ITO substrates, as demonstrated by the XRD data depicted in 
Figure 4.2.8b. Once again, the DIP (00l)-series with an identical lattice spacing of 1.66 nm is 
recovered, but in contrast to bare ITO substrates, now up to higher order owing to the lower 
surface roughness of the polymer coating. At 1.47 Å-1 an additional reflection is observed 
related to lying DIP, which was denoted as λ-phase in previous studies [Kowarik, 2006]. 
Compared to the vertically deposited DIP film with a peak ratio of 9:1 (area) between the 
(004) and the λ-phase peak, this ratio changes to almost 1:1 for DIP NCs (see inset in Fig. 
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4.2.8b), thus, clearly indicating as seen in the above data on the pristine ITO substrates - an 
increase of the lying DIP fraction in the samples grown by GLAD. 
 
4.2.3 Analysis of OPVCs 
a. DIP column/C60 
These structures are now used in OPVCs in order to assess the impact of NCs on device 
performance. Unlike PEN nanocolumn structure, the valley volume of DIP column on ITO 
substrate is larger and thus very difficult to build working OPVCs (all devices showed short 
circuit) based on bare DIP column on ITO, even with BCP blocking layer. Therefore, in the 
following all nanocolumn structures used to fabricate OPVCs were built on PEDOT:PSS 
coated ITO substrate. OPVCs of planar and NC form, both capped with a 6.5 nm BCP layer 
followed by a 100 nm Sm top-electrode are compared in Fig.4.2.10. The beneficial role of 
BCP in such device structures has been extensively investigated and attributed to the 
protection of the active layer during metal deposition.[Gommans, 2008, Vogel, 2006a] The 
J-V characteristics of both devices were recorded under 25 mW/cm2 illumination from a 
halogen lamp in a vacuum. The results are shown in Fig. 4.2.11a with the corresponding key 
parameters summarized in Table 4.2. While the open circuit voltages ( ௢ܸ௖) of both OPVCs are 
almost identical (ca. 0.8 V), the short circuit current (ܬୱୡ) under illumination is almost 20% 
higher in the NC-based OPVCs. Furthermore, the decrease in the current density is less 
pronounced in the fourth quadrant for the NC devices. This is related to the series resistance 
(ܴ௦) which is lower by more than one order of magnitude and further explains the higher fill 
factor (FF).[Sze, 1981] The much smaller Rs is associated for the NC-based OPVCs to closed 
pathways within the active donor/acceptor layer. Moreover, the higher FF is further related to 
the lower ideality factor (n) of the NC-OPVCs (n = 1.1) as compared to that of the bilayer 
OPVCs (n = 6.4). These values were deduced from the slope of the logarithmically 
represented J-V characteristics in the exponential regime (in Fig. 4.2.11b) based on the 
non-ideality diode equation:[Sze, 1981] 
 
Fig.4.2.10 Scheme of the OPVC structures used; left: conventional bilayer OPVC, right: OPVC with 
DIP-NCs. 
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     (4.1) 
where  is the saturation current density, n the diode ideality factor, k Boltzmann’s constant 
and T the temperature. 
 
 
Fig.4.2.11 (a) J-V characteristics of bilayer and DIP-NC based OPVCs. Black closed/open square 
symbols: bilayer device in dark/illuminated (25 mW/cm2) in vacuum and blue closed/open triangle 
symbols: DIP-NC based device in dark/illuminated (25 mW/cm2) in vacuum. (b) J-V curves in dark in 
logarithmic representation. The red line and green line are the slopes of current in exponential region.  
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(normalized to the number of molecules present in each sample). This finding can be 
understood by the different molecular orientation of DIP in the planar film and in NCs. Planar 
films comprise a fiber-textured with a preferential vertical molecular orientation 
(“2D-powder”), while the NCs exhibit significantly less-textured growth (more “3D-powder 
like”) and a substantial fraction of "lying" molecules. As the absorption is dominated by the 
fundamental HOMO-LUMO transition (c.f. in Fig. 4.2.13b), which is polarized along the long 
molecular axis of DIP, this transition is less efficiently excited in the vertically deposited film 
than in the DIP-NCs.[Heinemeyer, 2008a]  
Overall, with less DIP molecules (by a factor of 0.4, as deduced from UV-VIS) and, 
therefore, lower total absorption by DIP NCs (c.f. Fig. 4.2.13a), the power conversion 
efficiency (η) of NC-OPVC reaches 1.8 %, significantly larger than that of the stronger 
absorbing planar structure (bilayer OPVC, η = 1.4 %) as listed in Table 4.2 (Note: The same 
measurement conditions are utilized for both structures without using the solar simulator. 
Without spectral corrections the efficiency is in the range as reported in the literature for 
similar devices [Steindamm, 2012, Gruber, 2013, Schuenemann, 2013]). In comparison to the 
bilayer OPVCs, more photo-generated excitons in NC-OPVCs can reach the donor/acceptor 
interface for dissociation. This is due to the increase of the active interface area in the NC 
heterojunction by ca. 20% compared to the planar heterojunction. This is less than the overall 
efficiency increase of almost 30%, therefore, another mechanism may contribute beneficially. 
The intrinsic vertical distribution of the donor/acceptor interface introduced through the NCs 
covers a wider range of high optical intensity, which may be generated by interference effects 
through reflection at the back electrode [Gruber, 2013, Kurrle, 2008, Opitz, 2010b, Stübinger, 
2001, Peumans, 2003b]. As a result the impact of comparably short exciton diffusion length 
reduces in C60 when employing a thicker film. Moreover, the lying phases may positively 
influence Jsc and FF, but due to the unknown spatial distribution of the two DIP orientations 
the contribution cannot be quantified.  
 
b. DIP column/PCBM  
In addition, PCBM was also tested as the electron acceptor material, spin coated on to 
DIP nanocolumn as electron donor using exact same method for PEN/PCBM OPVCs. The 
concentration of 25 mg/ml PCBM was spin coated at 20 rps onto DIP column structure in the 
glovebox (sometimes DIP column was annealed with 80 Ԩ for 10 minutes before PCBM 
spin coating). However, this solution process did not proceed as expected since the solvent 
chlorobenzene that was used to dissolve PCBM also could dissolve DIP molecules. Thus in 
the process of PCBM solution spin coating, DIP columnar structure was ruined due to 
re-dissolving (c.f. Fig. 4.2.14).  
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by the thin PCBM film thickness since it was unable to fulfill the valleys. When using 12 
mg/ml PCBM solution for spin coating, the surface is rather flat as shown in Fig. 4.2.15 c-d. 
The OPVCs were fabricated by depositing BCP and Sm on top subsequently. The J-V 
characteristics were recorded under 25 mW/cm2 illumination from a halogen lamp in vacuum 
with the results shown in Fig. 4.2.16. From the trends it can be seen that the Jsc is 0.61 
mA/cm2 and Voc is 0.56 V and they are both smaller than those of DIP/C60 devices, as well as 
the fill factor, consequently the PCE of the devices is lower. Moreover, the device 
reproducibility is poor due in part to the uncontrollability of PCBM solution spin coating. Due 
to the limitation of PCBM solubility in new solvent chloromethane (12mg/ml), this results in 
an inhomogeneous PCBM layer thickness on top of NCs. 
In total, using chloromethane as solvent to bypass the re-dissolve issue is incapable of 
optimizing the performance of OPVCs with this solution process until an appropriate solvent 
with solubility for PCBM larger than 20 mg/ml is identified. However the solubility for DIP 
extremely must be low so that the DIP columnar structure can survive the solution spin coat 
process similar to the devices consisting of PEN/PCBM.  
 
Fig.4.2.16 J-V characteristics of OPVCs based on DIP NCs/PCBM heterojunction. 
 
c. DIP on graphene3 
Lying phase DIP is a promising material towards improving the light absorption when 
was applied to OPVCs for electron donor. In this section the morphology and absorption 
behavior of lying DIP on graphene substrate will briefly be discussed.  
                                                                             
3. Graphene coated substrates were provided by the group of Prof. Müllen (Max Planck 
Institute for Polymer Research). Graphene that was grown using the chemical vapor 
deposition method was transferred to patterned ITO substrates to act as the anode. 
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Fig.4.2.18 (a) Angle dependent absorption spectra of vertically deposited DIP film on a graphene 
substrate. (b) Angle dependent absorption spectra of vertically deposited DIP on PEDOT:PSS. The film 
thickness monitored with quartz microbalance for both samples is 50 nm. The incident angle is defined 
by the angle between incident light and the substrate surface normal. 
 
 
Fig.4.2.19 Morphology of DIP on graphene substrate with vertical deposition (a) and on 
PEDOT:PSS substrate with GLAD (b). Both were investigated by AFM measurements. 
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Fig.4.2.20 Morphology of DIP film on graphene substrate with vertical deposition, 
investigated by SEM. (a) Top-view. (b) Cross-section view.  
 
OPVCs were fabricated based on the rod-like DIP film, employing C60 as electron 
acceptor, BCP as blocking layer and Sm as top electrode. However, no working OPVCs could 
be obtained, even without diode characteristics, due to current short-pass between the two 
electrodes as when using pentacene on ITO to fabricate OPVCs (see section 4.1). Although 
the application of graphene in OPVCs combined with lying DIP was unsuccessful, tuning 
molecular orientation may still be a very efficient method to optimize the performance of 
OPVCs via improving the active organic layers’ absorption. Furthermore, graphene was 
assumed to be a very promising candidate for replacing the ITO as the electrode for organic 
optoelectronic devices in the future, if the conductivity of grapheme could be further 
increased.    
 
4.2.4 Summary 
The morphology and structure of crystalline DIP nanocolumns grown by GLAD on 
pristine and PEDOT:PSS coated ITO substrates has been demonstrated and such structures 
applied in OPVCs. Despite the fact that the DIP volume in NC-based OPVCs was less than 
one half of that in planar heterojunctions (with also an overall lower absorption by the NCs), 
the power-conversion efficiency of the solar cells increased from 1.4% (planar) to 1.8% 
through using DIP-NCs in the active layer. This noteworthy finding is explained as follows. (i) 
An increase of active interface area between DIP-NCs and the surrounding C60 acceptors 
which improves charge-carrier generation through exciton dissociation at that interface. (ii) A 
more random orientation of crystalline DIP grains in the NCs enhances light absorption in 
comparison to the fiber-textured, upright standing DIP in vertically deposited films. (iii) The 
vertically oriented donor/acceptor interface enabled by the NCs is further beneficial for light 
absorption, since it covers a wider vertical range, and light intensity variations due to 
interference effects can be accommodated. Further investigation of the contribution of 
molecular orientation on light absorption for OPVCs was carried out by growing lying DIP on 
a graphene substrate. Unfortunately, due to the short current induced by the morphology 
issues of lying DIP on graphene, no working OPVCs were produced. The development of a 
process for the preparation of a smoother lying DIP on graphene is certainly a worthwhile 
direction for future investigations. Nevertheless, the present work underlines the key role of 
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structure and morphology in OPVCs and demonstrates that their targeted optimization by 
glancing angle deposition offers good perspectives for pushing further the limits of organic 
photovoltaics in future applications. 
 
4.2.5 Experimental details 
ITO coated glass substrates (Präzisions Glas & Optik, sheet resistance < 20 Ω/sq, surface 
roughness (rms): 2 nm) were sonicated for 10 min in acetone and, subsequently then, in 
isopropanol. After cleanness, ITO coated substrates were also patterned for devices 
fabrication as described in section 4.1.11. UV-ozone-treatment was applied to improve the 
wetting of the substrate by an aqueous suspension of the intrinsically conducting polymer 
poly(ethylene-dioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) (H.C. Starck GmbH, 
HIL 1.3) employed as substrate for OPVCs. PEDOT:PSS was spin-coated and subsequently 
annealed at 200Ԩ for 5 min under ambient conditions to desorb residual water. DIP was 
purified twice by gradient sublimation. NCs were grown by GLAD, the material sublimed 
from a resistively heated ceramic crucible with a deposition rate of ca. 0.1 nm/s (quartz 
crystal microbalance, base pressure < 5×10-7 mbar) at room temperature. The incident angle 
of the molecular flux () with respect to the substrate surface normal was set to 84o (c.f. 
Fig. 4.2.1) and the substrate rotation frequency () was 6 revolutions per minute 
(computer-controlled step-motor). OPVCs were completed with a 75 nm thick C60 (99.9%, 
Sigma-Aldrich) layer deposited at a rate of 0.02 nm/s on the DIP films/NCs in another 
vacuum chamber (base pressure < 2×10-8 mbar). Sample transfer between the chambers was 
done through ambient conditions. A 6.5 nm thick bathocuproine (BCP, 96%, Sigma-Aldrich) 
layer was deposited onto the donor/acceptor structure followed by a 100 nm thick samarium 
(Sm) layer that was used as the cathode. The current density versus voltage (J-V) 
characteristics were measured in-situ in dark and under illumination (25 mW/cm2, Solux C6 
halogen lamp, close to daylight spectrum in the visible region) with a Keithley 2400 
SourceMeter®. (Device performance measurement system is same as description in section 
4.1) The sample morphology was investigated with a Bruker Multimode-8 atomic force 
microscope (AFM) and a HITACHI S-4100 field-emission scanning electron microscope 
(SEM), using the latter after sputter-coating the samples with a thin gold layer to avoid 
sample charging. Optical absorption spectra (UV-VIS) were recorded with a PerkinElmer 
Lambda 900 spectrometer. X-ray diffraction experiments were carried out in inert (He) 
atmosphere at beamline W1 at the synchrotron radiation source HASYLAB (DESY, Germany) 
using a primary beam energy of 10.5 keV and a one-dimensional position sensitive detector 
(Mythen 1K, Dectris) mounted in the z-direction covering a range of out-of-plane scattering 
angles of ca. 3.8°. For grazing-incidence diffraction, five scans at fixed out-of-plane position 
were performed for every reciprocal space map [Salzmann, 2012b]. Specular X-ray 
diffraction (XRD) on the PEDOT:PSS-substrate samples was performed with a Philips X’Pert 
system in Bragg-Berntano geometry (sealed Cr-tube, secondary HOPG monochromator). 
Graphene annealing processing was carried out under high vacuum conditions (base pressure 
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< 10-7 mbar) and heated up to 500 Ԩ on the ceramic covered hot plane at least for one hour 
and cooled down automatically until it reached the ambient temperature. 
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4.3  F4-TCNQ doping in polyfuran 
In this section of the thesis, the characteristics of molecular doped polymeric 
semiconductor will be investigated. F4-TCNQ as a p-type dopant is mixed with polyfuran and 
applied in the fabrication of organic photovoltaic cells combining with C60 as electron 
acceptor. In this section attention will be drawn to the definition of the doping ratios used in 
this work. For example, 1% doping refers to the addition of one F4-TCNQ molecule per 100 
monomer units (see section 3.2) of polyfuran. 
 
4.3.1 Introduction 
For several decades, organic photovoltaic cells (OPVCs) have been extensively 
investigated owing to the advantage of low-cost and simplicity of large-scale processing. 
[Tang, 1986, Tang, 1975, Ramsdale, 2002, Koster, 2005, Snaith, 2006, Geiser, 2008, 
Jørgensen, 2008, Søndergaard, 2013, You, 2013a, You, 2013b] Basic strategies used to 
improve the power conversion efficiency are available. For example, the short-circuit current 
density (Jsc) may be enhanced by increasing light absorption by using low band gap 
polymers[Bundgaard, 2007] or by optimization of blend film morphology [Thompson, 2008]. 
Another approach towards improving power conversion efficiency is to the increase the 
open-circuit voltage (Voc) via maximizing the photovoltaic gap (Epvg), which is the energetic 
difference between the valence band onset (VB-onset) of the donor polymer and the onset of 
the LUMO of the acceptor molecule at the heterojunction.[Wilke, 2012] One material 
parameter that influences both Jsc and Voc in OPVCs is the hole and electron mobility of the 
donor and acceptor material respectively. A mobility that is too large can be detrimental for 
the device performance as seen in a decrease in Voc.[Tress, 2011b] On the other hand Jsc is 
limited by the mobility of the slowest carriers when the photo current is space charge limited. 
As most polymer/fullerene based OPVCs suffer from low hole mobility in polymers in 
comparison to the high electron mobility in the fullerene[Tunc, 2012, Melzer, 2004, Koster, 
2005], balanced mobilities are required for high efficiency. To increase the hole mobility in 
the polymer, electrical doping can be applied by introducing dopants such as F4TCNQ into 
polymer films.  
Doping organic semiconductors, which is one of the most effective methods of 
improving the characteristics of organic electronic devices, is selected in order to obtain 
analogous benefits as for doping in inorganic semiconductors, which has been well proved 
and explained theoretically and experimentally. Doping inorganic semiconductors enables the 
precise adjustment of band positions and improvement of conductivity, thus tuning the optical 
and electrical properties. In principle, the doping mechanism of organic semiconductors 
(OSCs) is similar to those in inorganic semiconductors where holes are generated by 
removing electrons in the highest occupied orbital states or donating electrons in the lowest 
unoccupied orbital states through ionization of the dopant. Recently, stable doping of OSCs 
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has been demonstrated by adding strong molecular dopants to conjugated polymers or small 
molecules. Consequently the conductivity of doped film increases by several orders of 
magnitude and can be used as charge transport layers in organic light emitting diodes and 
organic photovoltaic cells (OPVCs). [Lüssem, 2013, Brutting, 2012, Blochwitz, 1998, Zhou, 
2002, Meerheim, 2006, Reineke, 2009] [Sun, 2009, Salzmann, 2012a, Lüssem, 2013, Pingel, 
2013, Mendez, 2013, Duong, 2013, Mityashin, 2012] In the case of poly(3-hexyl -thiophene) 
(P3HT) for high doping ratios [>1% (F4TCNQ:thiophene units)], the mobility, and therefore 
the conductivity, increases linear [Pingel, 2012, Pingel, 2013]. In addition, for concentrations 
<2% (F4TCNQ: thiophene units), p-type dopant molecules reduce the interfacial 
recombination via charge transfer excitons and results in the favorable formation of separated 
carriers[Deschler, 2011]. 
In this section, the effect of p-type electrical doping of polyfuran on the performance of a 
bilayer heterojunction OPVCs with C60 as acceptor material is presented. To analyze the 
doping effect, the absorption characteristics, conductivity and morphology of polyfuran thin 
film with different F4-TCNQ doping ratio were investigated. As expected for high dopant 
concentrations (still lower than 2%) Jsc significantly increased. For even higher concentrations 
such as an over doped system (up to 40%), unexpectedly Voc significantly increased and Jsc 
was just slightly higher in comparison to the undoped system. Ultra violet photoelectron 
spectroscopy (UPS) data showed an increase in the photovoltaic gap, a finding that supports 
the predicted increase of Voc at very high dopant concentrations. In addition, the effect of high 
doping concentration (1%) polyfuran treated as the hole transport layer was investigated in 
combination with ZnPc as the electron donor and C60 as the electron acceptor. 
 
4.3.2 Absorption, morphology and conductivity 
a. Absorption 
The normalized UV-Vis absorption spectra of F4-TCNQ doped polyfuran thin films with 
varied doping ratios starting with pristine polyfuran until 100% F4-TCNQ doped polyfuran, 
i.e. on quartz substrates is depicted in Fig.4.3.1. As indicated by the absorption onset of 
pristine PF, the optical gap is determined to be 2.30 eV which is remarkably close to the 
theoretically predicted value of 2.38 eV.[Zade, 2006] Upon doping, pronounced sub-band gap 
absorption features develop in addition to the absorption of pristine polyfuran. A qualitative 
comparison of the NIR region to the known spectra of ionized F4-TCNQ anions [Torrance, 
1980, Dixon, 1989] allows a clear identification of the prominent 1.43 and 1.62 eV peaks for 
the absorption of singly negatively charged F4-TCNQ (Fig.4.3.2a). Due to the scattering 
effect induced by inhomogeneous morphology (Fig.4.3.3), the second ionic peak at 1.62 eV 
could not be observed on the sample of pristine F4-TCNQ film, but was observed in solvent 
as shown in Fig.4.3.2b. The broad absorption bands between 1.3 and 1.8 eV and the 
absorption below 1.1 eV can be attributed to polyfuran polarons similar to P3HT. [Pingel, 
2013] For very high doping concentrations the absorption above 3 eV is also enhanced due to 
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an increasing amount of neutral F4-TNCQ molecules. Consequently, efficient charge transfer 
between polyfuran and F4-TNCQ was only guaranteed for lower doping concentrations. 
 
 
Fig.4.3.1 UV-VIS absorption spectra of polyfuran (red curve), F4-TCNQ (cyan curve) and mixtures of 
polyfuran and F4-TCNQ at different ratio: 50:1 (olive green curve), 20:1 (blue curve), 10:1 (wine red 
curve), 5:1 (grey curve), 2:1 (orange curve) and 1:1 (dark yellow curve). Vertical yellow zones smaller 
than 1.1eV and in between 1.3 eV and 1.8 eV indicate the absorption of broaden band induced by 
delocalized polar excitation. Dashed lines are the ionic peak of F4-TCNQ. 
 
Fig.4.3.2 (a) Zoom-in on the UV-Vis absorption spectra from Fig.4.3.1 in the near infrared region. (b) 
UV-Vis absorption spectra of pristine F4-TCNQ in film and THF solution respectively. The cyan curve 
represents absorption in film while the dark navy curve presents absorption in solvent. 
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Fig.4.3.3 Morphology of F4-TCNQ on quartz glass substrate investigated by AFM.  
 
b. Morphology 
To gain insight into the morphology of pristine and doped polyfuran films, AFM images 
are shown in Fig.4.3.2. The topography of pristine and 1% F4TCNQ doped polyfuran (see 
Fig.2.3.4 a-b) is rather smooth and homogenous, with average structural size of ca. 150 nm. In 
contrast, 10% and 40% F4TCNQ doped PF films (see Fig.4.3.4 c-d) exhibit a rough surface 
morphology. The uniform polyfuran morphological structure is severely disrupted by small 
high islands that grow further to form distinct needle-like features on the surface for very 
higher doping concentration (40%). This growth mode is typical for pristine solution 
processed F4-TCNQ films (see also Fig.4.3.3). Consequently, the system has reached the 
solubility limit of F4TCNQ in the polyfuran in the solid phase for very high dopant 
concentrations and thus pristine-F4-TCNQ solidified at the polymer surface. The high 
concentration of phase segregated F4-TCNQ at the surface of the polymer film can also be 
caused by the spin coating process. A two component system with a composition that is 
unstable to small fluctuations in concentration, e.g. due to limit solubility in the used solvent, 
will spontaneously phase separate.[Nilsson, 2007, Balsara, 1996, Cahn, 1958, Geoghegan, 
2003, Smith, 2010] This effect is enhanced toward high dopant concentrations. 
As a result of low solubility (2.8 mg/ml) of polyfuran in THF solvent (polyfuran in THF 
is relative stable), the thickness of film obtained from spin coating was only a few nanometers, 
even when employing low spin coating rate (15 rps). This thickness of polyfuran was too thin 
to be used as the only electron donor layer in OPVCs. To obtain a thicker film, a two-step spin 
coating was applied. First a lower spin coating rate (10 rps) was applied for spin coating, 
which produced a rough surface after drying (see Fig.4.3.5b). Secondly, spin coating with 15 
rps with saturated solution was used to reduce the surface roughness. (The low spin-coating 
surface is too rough to obtain a quality image with AFM, thus the SEM micrograph is only 
considered as shown in Fig.4.3.5b.) In this way, polyfuran thickness can be increased to 30 
nm. As further demonstrated by absorption measurements (see Fig.4.3.5a) on the same 
substrate and using the same solution, the absorbance peak value of the film employing the 
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two spin-coating procedure is much larger than that of the film obtained with a single 
spin-coating. 
 
 
Fig.4.3.4 AFM micrographs of (a) spin coated pristine polyfuran/PEDOT:PSS film, (b) 
F4-TCNQ:polyfuran (1:100) mixture/PEDOT:PSS, (c) F4-TCNQ:polyfuran (1:10) 
mixture/PEDOT:PSS and (d) F4-TCNQ:polyfuran (2:5) mixture/PEDOT:PSS. 
 
Conductivity 
Fig.4.3.6 shows the conductivity of doped polyfuran films with a film thickness of 30 nm. 
Similar to the prototypical case of F4-TCNQ doped P3HT the conductivity increased rapidly 
for low doping ratios (lower than 2%). In this region it has been shown for P3HT that both the 
mobility and the density of states (DOS) drastically increases with doping 
concentration.[Pingel, 2013, Arkhipov, 2005b] The improvement in transport has also been 
attributed to the filling of traps by the dopant-induced carriers [Mendez, 2013, Olthof, 2012, 
Salzmann, 2012a, Gao, 2003, Gao, 2001, Pingel, 2013]. Beyond a doping ratio of 2%, the 
conductivity decreased and is likely due to the morphological changes determined by the 
AFM results. Due to the formation of intercalated areas of pristine F4-TCNQ, charge transfer 
might be significantly impeded. Note that polyfuran films are amorphous.[Gok, 2005, Sen, 
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2008] Consequently, a decrease in crystallinity did not decrease the conductivity. However, at 
the moment it is impossible to exclude improved ordering in the films with low dopant 
concentration as observed for poly(p-phenylenevinylene) blended with fullerene 
derivatives.[He, 2007, Melzer, 2004] 
 
 
Fig.4.3.5 (a) Absorption spectra of polyfuran film on ITO substrate; black line is a single spin coating 
film (15 rps) and the red line is twice spin coating film (first: 10 rps; second: 15 rps). (b) SEM 
micrograph of rough polyfuran surface obtained with low spin-coating rate of 10 rps. 
 
 
Fig.4.3.6 Conductivity of polyfuran films with an increasing amount of dopant F4-TCNQ. Inset: 
schematic representation of conductivity measurement using interdigitated electrodes of ITO on glass 
substrates with an organic film shown in semitransparent yellow. 
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4.3.3 Analysis of OPVCs 
a. polyfuran/C60 
Bilayer heterojunction organic photovoltaic devices were fabricated using 50 nm C60 as 
the acceptor deposited on doped and undoped spin coated polyfuran films (base pressure൏10-8 
mbar). 6 nm BCP acting as a blocking layer and aluminum as the top electrode was deposited 
after C60. The device structure is presented in Fig.4.3.7. Fig.4.3.9(a) shows the logarithmic 
dark performance of pristine (device A), 1% doping (device B), 10% doping (device C) and 
40% doping (device D) respectively. Again, based on the non-ideality diode equation 
(equation 4.1), the series resistance can be deduced from the slope of the logarithmically 
represented J-V characteristics in the exponential regime. For device A, B and C the series 
resistance are 270 Ω, 40 Ω and 340 Ω respectively. Unfortunately, it is impossible to measure 
the Rs for device D due to the presence of current leak. Benefiting from an increase in the 
conductivity, device B exhibits the lowest Rs, following Pouillet’s Law  
R ൌ ௟ఙௌ                               (4.2) 
where ߪ is conductivity of the film, l is the active organic layer thickness and S is the active 
device area. 
The short circuit current density (Jsc) (obtained under the illumination of 56 mW/cm2) 
using pure polyfuran was quite low compared to state of the art polymer/PCBM 
devices.[Green, 2014] Nevertheless, 1% doping increased Jsc by a factor of two compared to 
the undoped polyfuran film as a result of the improved conductivity in the polymer while 
keeping the open circuit voltage (Voc) at 0.2 V. However, higher dopant concentrations 
increased Jsc only by 30 % in comparison to the device with undoped polyfuran film, which 
correlates with the trend of the conductivity upon very high doping ratios. For dopant 
concentrations above 1% the Voc increased by up to 0.39 V (at 40% dopant concentration). In 
order to understand this Voc increase, the energy level alignment at the heterojunction was 
investigated using UPS measurements. As mentioned before, Epvg is clearly related to Voc (Epvg 
is an upper bound to Voc)[Vandewal, 2009, Wilke, 2012]. As shown in Fig. 4.3.10a within the 
experimental error (50 meV) vacuum level (VL) alignment is established for the undoped 
system. The polyfuran VB-onset is located 0.40 eV below the substrate Fermi level (EF) as 
shown in Fig.4.3.8. The ionization energy of HIL1.3 substrate is 5.60 eV. After depositing 
polyfuran on the substrate, in order to reach electronic equilibrium, the electrons were 
injected to the substrate from polyfuran film. This was done until the Fermi-level pinning was 
reached and the valence band onset was observed at 0.40 eV lower than the substrate 
Fermi-level, thus yielding an ionization energy of 4.8 eV.  
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Fig. 4.3.7 Schematic representation of OPVCs structure. 
 
Fig.4.3.9 (a) J-V characteristics of OPVCs based on different dopant F4-TCNQ in dark in logarithmic 
representation. Black closed square symbols: pristine polyfuran, red dot symbols: 1% doping, blue 
up-triangle symbols: 10% doping and green down-triangle symbols: 40% doping. (b) J-V curve under 
illumination (56 mW/cm2) in air. The device structure is shown in the inset and in the device from 
bottom to top the layers are glass/ITO/PEDOT:PSS/polyfuran (doped)/C60/BCP/Al. 
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However, the actual pinning level in the tail of the VB-onset could not ascertained from the 
UPS spectra due to extremely low density of states (DOS) in this energy range [Frisch, 2011, 
Hwang, 2009]. However, the VB-onset of F4-TCNQ doped polyfuran shifted to higher 
binding energy (BE) by 0.20 eV, mainly caused by an increased DOS and energetic disorder 
due to the doping effect. Consequently, the tail of the polymer VB-onset is broader and the 
pinning level is shifted further in the band gap[Arkhipov, 2005a, Pingel, 2013]. 
As can be seen in Fig.4.3.10b, the VL is also shifted in parallel resulting in a smaller 
work function ( for the 1% doped PF film compared to the electron affinity of C60 (4.45 
eV[Akaike, 2008]). This induces pinning of the C60 LUMO at EF for the system and a VL 
shift to higher values [Niederhausen, 2012]. Most importantly, Epvg is less affected by the 
different energy level alignment due to the 1% doping that is also shown by a constant Voc in 
the device (see table 4.3). Nevertheless, Epvg is explicitly enhanced for the very high doping 
ratios of 10% and 40%. This is due to an increase in  for the F4-TCNQ doped films that 
results in the LUMO being pushed further away from EF. It is imperative to note that the  
increase is not generated by the doping process itself but by the incipient interlayer formation 
of pristine F4-TCNQ between the doped polymer film and C60 at very high dopant 
concentrations. Due to the very large electron affinity of F4-TCNQ molecules [Kahn, 2003b] 
compared to the  of the doped polyfuran, film electrons will be transferred to the 
unoccupied state of F4-TCNQ to establish electrical equilibrium. These negative charges 
induce a local VL shift at the heterojunction with the C60 layer [Niederhausen, 2012]. 
Consequently, higher doping ratios also facilitate the formation of pristine F4-TCNQ domains 
on top of the doped polymer film, increasing the amount of negative charges and the doped 
polymer . The calculated values of Epvg and Voc are shown in Table 4.3. Note that Epvg and 
Voc do not increase equally. This indicates an increase of charge recombination in highly 
doped OPCVs. 
 
 
Fig.4.3.8 Secondary electron cut-off (SECO) and valance region photoemission spectra of the HIL1.3 
substrate, pristine polyfuran film and 1% doped polyfuran film with F4TNCQ. PF denotes polyfuran 
and HIL1.3 is the PEDOT:PSS substrate. 
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Fig. 4.3.10 Energy level alignment of the undoped PF/C60 (a) and F4TCNQ doped PF/C60 
heterojunction with 1%(b), 10%(c), and 40%(d) dopant concentration. The pink areas between the PF 
and C60 layers indicate the increasing amount of pristine F4TCNQ domains at the doped polymer 
surface for very high doping ration. A few F4TCNQ molecules became negatively charged that 
increases the surface potential energy of the doped PF film. PF denotes polyfuran, EF denotes the 
Fermi-level, Ev denotes the valence band, Ec denotes the conduction band and Evac denotes the vacuum 
level. 
 
Overall, through using F4-TCNQ interlayer facilitated by a large ratio of F4-TCNQ 
doping in polyfuran, the photovoltaic gap was effectively enlarged by pushing the valence 
band edge of doped polyfuran away from EF and lifting the C60 HOMO onset towards EF. 
Consequently, the Voc of OPVCs employing doped polyfuran increased. However, owing to 
the morphology interruption in high doping ratio, the conductivity of doped polyfuran was 
reduced, which is the result of lower Jsc compared to OPVCs based on 1% doping polyfuran.  
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Table 4.3 The parameters of photovoltaic gap and experimentally measured VOC of devices employing 
the dopant F4TCNQ at different ratios in polyfuran films. 
Doping ratio pristine 1% doping 10% doping 40% doping 
photovoltaic gap (eV) 0.50 0.60 0.80 0.90 
Voc (V) 0.20 0.20 0.27 0.39 
Therefore, the final power conversion efficiencies of devices with large Voc were not 
improved as expected, an issue that might be resolved in the future. However, strong evidence 
is provided that molecular doping is an effective method for manipulating energy level 
alignment, which is important for the performance of organic electronic devices. 
b. Polyfuran/ZnPc/C60
In order to compensate for the decrease of donor layer thickness, 10 nm thick ZnPc was 
deposited (0.2 nm/S) on top of polyfuran (doped), followed with C60 as the acceptor, BCP as 
a blocking layer and Al as the top electrode. The J-V characterization for this device layering 
is depicted in Fig.4.3.12. Another reference device consisting of only 50 nm ZnPc acting as 
the electron acceptor was also fabricated. Compared to the performance of device E (see 
Fig.4.3.12), the Voc of device F was much larger, reaching 0.45 V (the HOMO of ZnPc is 
about 5.1 eV).[Tress, 2011b] However, the typical S-shape J-V curve for device F, which may 
be induced by imbalanced charge mobility in ZnPc (hole mobility:	~10ି଺	ܿ݉ଶ/ܸ ∙ ܵ) and 
C60 (electron mobility:~10ିସ	݉ଶ/ܸ ∙ ܵ) [Tress, 2011a, Terao, 2007, Itaka, 2006, Melzer, 
2004]. Due to the low hole mobility in ZnPc, accumulated holes accumulated to a greater 
degree in ZnPc than in C60, leading to an increase in the electrical field close to the device 
anode until steady-state was reached where the external hole current equals the electron 
current. The schematic energy levels diagram in ZnPc/C60 heterojunction is shown in 
Fig.4.3.11. In region 1 close to anode, to remain neutral, space-charges are created. Originally, 
the current density at the external voltage of “principle Voc” equals zero. However, within the 
build-up space charges, current density tended to zero before the application of the “principle 
Voc”, resulting in a lost on device Voc. 
The Jsc for both devices are almost equivalent although the absorbance of 50 nm ZnPc 
was higher than that of 20 nm doped polyfuran (see Fig.4.3.13), the absorption region differed, 
and the S-shape also caused a loss of Jsc. However in device G, the Voc was maintained to that 
measured for device F while the S-shape was eliminated. The loss of hole mobility in thin 
ZnPc can therefore be compensated by underlying p-type doped polyfuran. Furthermore, 
larger Jsc in device G suggests that the excitons produced by polyfuran can be transported 
through ZnPc to the ZnPc/C60 interface and dissociated due to the large exciton diffusion 
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length in ZnPc (approximately 30 nm).[Kerp, 1998] Thus, the overall performance of device 
G was much better than that of reference device E and F (shown in Tab.4.4). 
 
 
Fig.4.3.11 Schematic diagram of energy levels in ZnPc/C60 based OPVCs. V1 is build-up potential in 
different regions respectively. [Melzer, 2004] 
 
Fig.4.3.12. J-V characterization illuminated at 56 mW/cm2 in air based on different device architectures. 
(device E) Open black square: ITO/PEDOT:PSS/ 20 nm 1% doping polyfuran/65 nm C60/6.5 nm 
BCP/Al, (device F) Open blue dot: Open black square: ITO/PEDOT:PSS/50 nm ZnPc/65 nm 
C60/BCP/Al and (device G) Open red wine triangle: ITO/PEDOT:PSS/20 nm 1% doping polyfuran/10 
nm ZnPc/65 nm C60/BCP/Al. 
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form films. The electronic characteristics of p-type doping polyfuran films have been 
investigated. For low doping ratios between 1% and 2%, the conductivity of doping polyfuran 
film could be significantly improved by one order of magnitude, which was very helpful for 
photogenerated charges transport, and thus improved the short circuit current density of the 
OPVCs. In addition, the doped polyfuran with high conductivity was also a good candidate 
for the hole transport layer, as shown in polyfuran/ZnPc/C60 architecture. For high doping 
ratio (above 10%), the photovoltaic gap was enlarged effectively due to accidently 
introducing a neutral F4-TCNQ layer, leading to larger Voc for OPVCs compared to that of 
devices with low doping ratios. Unfortunately the morphology of high ratio doping polyfuran 
was severely affected and the conductivity lowered, which in turn affected the Jsc of OPVCs. 
Nevertheless, the results of UPS measurements confirmed the initial assumption that 
molecular doping enabled the tuning of the energy level alignment in OPVCs. Thus it 
demonstrates that the doping of organic semiconductors is a promising approach towards 
achieving the desired functionality for organic electronic devices.  
 
4.3.5 Experimental details 
Glass substrates coated with patterned indium tin oxide (Thin film Devices Inc., sheet 
resistance	ൎ	20 Ω/sq) and quartz glass substrates were cleaned in an ultrasonic bath with 
acetone and isopropanol separately and afterwards with de-ionized water. 
UV-ozone-treatment was applied to improve the wetting of the substrate by an aqueous 
suspension of the intrinsically conducting polymer PEDOT:PSS employed as the substrate 
coating for OPVC application. PEDOT:PSS was spin-coated and subsequently annealed at 
200Ԩ for 5 min under ambient conditions to remove residual water. Polyfuran purified with 
soxhlet extractions with methanol, hexane and chloroform separately was dissolved in 
tetrahydrofuran (THF) (2.5 mg/ml).4 F4-TNCQ (൒ 98%, Tokyo chemical industry co. LTD) 
was dissolved in THF (0.7 mg/ml) in a N2 filed glovebox. The doping was accomplished by 
mixing two solutions with designed monomer ratios under N2 atmosphere (Glovebox, Braun 
GmbH), where 1% referred to the addition of 1 F4TCNQ molecule per 100 polyfuran 
monomer units (one monomer unit is shown in Fig. 3.14c). Pristine and F4TCNQ doped 
polyfuran films were spin coated on i) solvent cleaned fused silica substrates for UV-Vis 
absorption analysis measured with a PerkinElmer Lambda 900 spectrometer; ii) solvent 
cleaned interdigitated ITO contacts (electrode distance of 200	μm) on fused silica to measure 
the conductivity with a Keithley 2600 SourceMeter® and iii) PEDOT:PSS covered ITO 
substrates for OPVCs application. The conductivity of both pristine and F4-TCNQ doping 
polyfuran were measured with the Keithley 2610 SourceMeter@ on pre-etched interdigitated 
ITO substrate, with the thickness of ITO electrode measured as 120 nm (much thicker than 
film thickness).  
                                                                             
4. Polyfuran is supplied by the group of Prof. Bendikov (Weizmann institute of science). 
The mass average molecular mass is 14.2 KDa. 
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Each photovoltaic device was completed by depositing C60 (0.2 nm/s) as the acceptor 
material under vacuum conditions (base pressure≫10-7mbar), BCP (0.5 nm/min) as the 
blocking layer and aluminum as the top electrode. The deposition of ZnPc (twice sublimed) 
was also carried out in the vacuum before C60 evaporation. Device characterization was 
carried out under AM1.5G at 56 mW/cm2 illumination in ambient condition with a Keithley 
2600 SourceMeter@ without encapsulation. Morphological investigations were performed 
using a Bruker multimode-8 atomic force microscope (AFM). Photoemission experiments 
were carried out in house using the HeI excitation (21.22 eV) of a He discharge lamp and a 
PECS Phoibos 100 hemispherical energy analyzer (base pressure 5x10 −10 mbar). Sample 
transfer between the preparation and analysis chamber was done without breaking the vacuum 
investigating the undoped and doped polymer /C60 heterojunction. 
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Chapter 5 
Summary and outlook 
The key role of interface properties including morphology and energetics in OPVCs has 
been recognized for some time. However, the mechanism of OPVCs is still not fully 
understood and their abundant organic material species make them even more complicated 
and difficult to comprehend. 
This thesis has focused on investigating the influence of the donor/acceptor interface on 
the performance of OPVCs. The interface area, which plays a crucial role for exciton 
dissociation, is increased effectively by incorporating nanocolumn structure in OPVCs, with 
the enlarged interface area subsequently producing an increase in Jsc. Owing to the 
introduction of the vertical donor/acceptor interface with the nanocolumn structure, the 
influence of the low exciton dissociation efficiency caused by short diffusion lengths in 
organic materials is reduced while using a thick absorber film. When a thick film is used, the 
light absorption can be reasonably enhanced. In addition, the light absorption enhancement in 
OPVCs can also result from the improved absorption features, which is caused by a change in 
the molecular orientation such as nanocolumn structured DIP grown by GLAD. Tuning the 
interface energy level alignment is achieved through molecular doping. This doping leads to a 
change of Gaussian density of states and further energetic disorder causing a variation in the 
conductivity and leading to energy level shifts. Moreover, stable and controllable doping can 
lead to the formation of net dipoles at the donor/acceptor interface, which also contribute to 
the photovoltaic gap enlargement and subsequently increasing the Voc of OPVCs. 
Within this thesis, the interface properties as a function of structure, morphology and 
electronics in OPVCs have been studied. Firstly pentacene and DIP, acting as an electron 
donor in OPVCs, were used to produce nanostructure with GLAD (sections 4.1 and 4.2). 
Pentacene grows preferentially layer-by-layer leading to a weak shadow effect. Therefore the 
nanocolumn structure can be only formed on a rough surface such as ITO. In comparison to 
pentacene, DIP grows preferentially in island-mode, accelerating the shadow effect in GLAD, 
which allows for the fabrication of DIP nanostructure on a smooth surface as shown in section 
4.2. The interdigitated donor/acceptor heterojunction was formed by depositing molecular 
acceptor in vacuum or spin-coating polymer acceptor from solution on top of columnar 
structure. For pentacene nanocolumn arrays based OPVCs, the short circuit issue can be 
easily solved by introducing BCP as a buffer layer which leads to high density of nanocolumn 
arrays on the ITO substrate. However, for the OPVCs with DIP columnar structure on ITO, 
unavoidable current short passes induced by the low-density nanocolumn distribution 
rendered all devices beyond functional use. Fortunately, this problem can be excluded by 
employing PEDOT:PSS prior to depositing DIP. In the meantime, the low-density columnar 
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structure allows for the successful deposition of the acceptor in vacuum to form a perfectly 
infiltrated heterojunction. Furthermore, using GLAD, DIP grows in a “3D” powder-like 
crystalline structure, which enhanced its light absorption in OPVCs. 
The short circuit current of OPVCs was increased due to the enlarged donor/acceptor 
interface area and the enhanced light absorption which can explained as follows. The 
vertically aligned donor/acceptor interfaces compensate for the issue of low exciton 
dissociation efficiency induced by short exciton diffusion lengths while employing a thick 
active absorption organic layer. The improvement is also based on a reduction of detrimental 
impacts of the optical interference effect and can be a subject of optics simulation in 
interdigitated nanostructure OPVCs. This may provide quantitative support for understanding 
the nanostructure functionality. In any case, the application of an interdigitated heterojunction 
is helpful towards solving the conflict between using thick organic absorber films and 
obtaining effective dissociation efficiency which requires absorber thickness closed to the 
excitons diffusion length in absorbers. The successful application of nanostructure in OPVCs 
demonstrates targeted optimization by GLAD, and thus offers promising perspectives for 
pushing further the limits of OPVCs in future applications. 
In the third section of the main results chapter (section 4.3), doping effects on the 
performance of OPVCs have been addressed. P-type doping polyfuran film with F4-TCNQ 
was used as an electron donor, as well as a hole transport layer, in OPVCs. The observation of 
an improved Jsc for OPVCs based on polyfuran with low doping ratio can be explained by the 
conductivity increase due to the ionic F4-TCNQ as shown in the absorption spectra. The open 
circuit voltage of OPVCs employing a high doping ratio was increased significantly by the 
enlarged photovoltaic gap. This observation satisfied expectations with regards to the tuning 
of the energy level in organic electronic devices. However, based on the results of UPS 
measurements, the Epvg enlargement was due to the introduced net dipoles, but not directly 
associated with the doping. The increase in Epvg was inferred that the donor/acceptor interface 
dipoles arising from a random distributed pristine F4-TCNQ network was due to over doping. 
The functionality of doping was realized by increasing the conductivity to reach the charge 
carrier mobility balance for donor/acceptor heterojunction, such as eliminating the S-shape of 
J-V curve. Nevertheless, this study outlined the necessity for a detailed knowledge of the 
energetics of OPVCs since the Epvg can be directly determined by the energy level offset 
between donor HOMO and acceptor LUMO. Although the OPVCs performance did not 
match expectations, the study still demonstrated that doping organic semiconductor could be a 
promising method towards augmenting the functionality of organic electronic devices 
provided in the future a detailed understanding of the molecular doping mechanism is 
formulated. 
There are a number of unsolved issues that have arisen during this work that motivate 
future exploration. For instance, it would be interesting to investigate the impact of 
nanostructure on OPVCs quantum efficiency and design an accurate optical system to 
quantitatively analyze the advantages of organic nanostructure for light absorption and charge 
separation. Graphene is a promising candidate to replace ITO as the electrode, forming the 
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basis of an interesting research endeavor. As a material, graphene is not only light-weight but 
also transparent, renewable and its use leads to a decrease in pollutant output. In addition, 
graphene also has the potential to change molecular orientation as observed for lying DIP, 
which allows for the enhancement of the materials light absorption for OPVCs. If the 
conductivity of graphene is reduced to less than 100 Ω/square, it may be perfect substitutive 
electrode for organic optoelectronics. Moreover, the doping behavior and its application in 
organic electronic devices are also very promising directions for future work. In general, the 
organic doping process is very complicated. In this work, the short current density of OPVCs 
was severely affected by high doping concentrations due to the morphology interruption. This 
leads to PCE that was not significantly improved with a doubled open circuit voltage. 
Therefore, a better control of the doping process is necessary to eliminate the morphological 
issues and improve the doping efficiency. 
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